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In this Issue 

At first glance the HP 4BGX advanced scsentiific graphing c ale if fetor looks 
exactly like its predecessor the HP 48SX scientific expandable calculator. With 
the exception of a few changes in the key labels both caJcuiators are physicallv 
the same. The big difference is in functianaiity. Jn addition to having all the func- 
tionality of the HP 4BSX, the HP 48GX has more advanced problem solving fea- 
tures, such as polynomial root finding and Fourier transforms, expanded memory 
capability (up to 4.75M bytes of address space), and seven new plot types in- 
eluding 3D and animation. A major attribute of the HP 48GX is a much improved 
user interface. As described in the article on page 6. one of the main design 
objectives for the HP 48GX was to make the calculator easy to use for hath novice 
and experienced users. To help accomplish this and other objectives a team of six mathematics professors 
were recruited to help design the HP 48GX. For the user interface, dialog boxes much like those found in 
en Apple Macintosh or Microsoft ■ Windows PC are used. Users are presented with input forms to fiJI in 
for a particular task and are given application-specific keys for acting on the data hlled in. To handle all 
the new features and an expanded address space, an improved (in speed, cast, and manufacturability) 
CPU was built and a new memory controller canfiguration was developed for the HP 43GX. The article 
describes the hardware design for the HP 48GX and the differences in memory controller configurations 
between the HP 4BSX and the HP 4BGX. 

Environmentally friendly, easy to manufacture [i.e., manufacturability), fow parts count, and low cost are 
some of the phrases we hear used today to characterize what an ideal product design should be. The 
article on page 23 describes a chassis and electronic component housing concept developed by the 
Mechanical Technology Center at HP's Boblingen Manufacturing Operation for trying to provide the 
"ideal" product design. This packaging concept, called HP-PAC, replaces the traditional metal chassis 
with expanded polypropylene foam for housing electronic parts. The article describes how this concept 
was used on a typical HP workstation chassis, resulting in a reduction in mechanical parts, screw joints, 
assembly time, disassembly time, transport packaging, and housing development costs. In addition, all 
this was achieved with an environmentally friendly, recyclable materiaL 

The quality of any transmission system is based on how well it can transmit error-free information from 
one location to another In a digital transmission system, the primary metric used to measure this quality 
is the bit error ratio, or BER, The BER is defined as the number of bits received in error divided by the 
number of bits transmitted. Although the BER value does convey some important information, it is only a 
pass/fail parameter and it does not tell the complete story about the quality of a digital transmitter There- 
fore, a typical BER test system includes an oscilloscope or an eye diagram analyzer for doing time-domain 
measurements on the transmitted waveform. An eye diagram is a waveform that has an opening like an 
eye, and in general the more open the eye the greater the likelihood that the receiver system will be able 
to distinguish a logical 1 from a logical 0. The HP 71 501 A eye diagram analyzer described in the article on 
page 29 provides the means to characterise high-speed digital transmitters using eye diagram analysis. 
The instrument constructs both conventional eye diagrams and special eyeiina diagramsio perform 
extinction ratio {ratio of maximum to minimum optical transmission in dB) and mask tests (tests used to 
measure the size and shape of the eye|. The article describes how the instrument uses a technique 
called harmonic repetitive sampling to construct eye diagrams similar to those produced by digital sam- 
pling oscilloscopes, A modified version of the sampling technique is used to construct eyeline diagrams. 
With the modified sampling technique the samples or dots can be connected so that a whole trace or a 
portion of a bit sequence can be displayed at one time, enabling the eyeline diagram to provide more 
information than the conventional eye diagram. 
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Four of the papers in this issue are from the 1993 HP Technica! Women's Conference ► fn supercritical 
flmd chromatograpiiy temperature control is very jmportam. Cooling is critical on the fluid supply erid of 
the system and heating is cntiGal on the separation end. The paper on page 38 describes the challenges 
engineers at HP's Analytical Product Group faced in modifying components from existing HP GC and 
LC products to meet the thermal reciuirements of the HP G1205A supercritical fluid chromatograph. 
> Increasingly, test software development consumes the majority of the time spent developing manufac- 
turing resources for electrical test processes required for new instrument products. In the paper on page 
62 the author describes a test system that exploits the commonality among instruments to reduce test 
software development time. ► Improving the near-field image {quality of the HP 2125SA linear phased-array 
transducer, which is used for vascular ultrasonic imaging, was the main goal for the engineers at HP*s 
Imaging Systems Division. The paper on page 43 provides a basic overview of ultrasound imaging (com- 
paring sector phased-array and linear phased-array transducers) and then describes how customer feed- 
back helped to guide the design of two new vascular transducers. ►^ Most of the software literature that 
discusses structured analysis and structured design techniques focuses on applying the techniques to 
the development of new software systems. The paper on page 52 describes the application of structured 
analysis and design to the redesign of an existing system. The article describes how the techniques were 
used to lay out the existing system so that areas for redesign and improvement could be easily identified. 
The paper aiso includes examples of redesigned modules and recommendations for softv^^are projects 
considering using structured analysis and design techniques for a redesign effort. 

C.L. Leath 
Associate Editor 
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The HP 4fiGX advanced scienhfic graphing calculator displays a wireframe plot of the surface 
z :^ x^y - xy^. 



What's Ahead 

In the October issue, seven articles will describe the design and development of the first two VXJbus 
modules for the HP HD2000 data acquisition system: the HP E1413A 64-channei scanning analog-to-digital 
converter and the HP E1414A pressure scanning analog-to-digitat converter Four articles will discuss 
various aspects of the design and applications of the HP 9493A mixed-signal LSI test system. There will 
also be design articles on the HP 4291 A high-frequency impedance analyzer, the HP 15B00A virtual re- 
mote software, and the FDDI Ring Menager application for the HP Network Advisor protocol analyzer. 
Other articles will discuss frame relay conformance testing and an electrical overstress test system. 
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An Advanced Scientific Graphing 
Calculator 



The HP 48G/GX combines an easy-to-learn graphical' user interface with 
advanced mathematics and engineering fLinctionality, expanded memory 
capability, and seven new plot types. 

by Diana K. Byrne^ Charles M. Patton, David Amett, Ted W* Beers, and Paul J* McClellan 



The HP 4BG/GX, Fig. 1, is a state-of-the-art. graphing calcula- 
tor ttiat combines ati easy-to-leam graphical user interface 
with advanced niathenialics ajid eDgineerir^g riuictJonaJity, h 
is a continual ion of tfie HP 288* and HP 4BS/SX- series of 
calculators, wliicli me designed for high power, extendability, 
and custoniizabiliLy 

The HP 48G/GX includes improvements to address tlie 
needs of both no\icc and advanced users of scientific and 
graphing calculators. For the new nser or the user who does 
not use certain functionality very often, the calculator has a 
dialog-box-style, fill-ui-the-blaiiks user hiierface. 




For the user who needs to do advanced problem solvingj ttie 
calculator offers the following features: 

• Differential equation solvers 

• Polyuoniial root inider 

• Financial problem solver 

• Library of engineering equations and constants 

• Fourier transforms 

• Matrix manipulations 

• Linear algebra operations. 

F'or the user wlio needs more n\emory and extendabiUty, the 
GX version has 128K bytes of built-in RAM, compared to 32K 
bytes in the S and G versions. The only other difference be- 
tween the G and the GX is the two memory card slots m the 
HP 4SGX. Ttie second memory card slot accepts up to 4M 
bytes of RAM or ROM. 

The graphuig capability has been expanded with the addition 
of seven new plot ty|">es, for a total of fifteen. The HP 48S/SX 
has function, polar, parametric, conic, truth, histogram, bar, 
and scatter plots and the HP 48G/GX has these plus differen- 
tial equarion, slope field, wireframe, parametric surface, grid 
map, pseudocontom; and y-sUce cross-section plots, 

Tlie HP 48S/SX functionahty has been retained hi the HP 
48G/GX. The new calculator has twice the ROM and retains 
much of the original code. The IIP 48S/SX and HP 4BG/GX 
both have the following features:^ 

• LTnit management 

• MatrixWriter 

• Equation Writer 

• HP Solve mmieric solver 

• RPN-style stack calculation 

• Symbolic nuilhematies 

• Time and tUanns 

• Suitisiics operations 

• Variables and directories for data storage 

• User-cie finable keyboard and custom menus 

• RPL programming language 

• Two-w^ay infrared conunmucations link 

• R&'232 serial cable connector. 

Education Ttends 

The creation of the HP 48G/GX can be traced to the American 
Mathematical Society (AMS) meeting in January 1992, We 
had been closely following the trend of using technology in 
the mathemarics classroom because our software team 



Fig. 1. HP 48GX scientific graphing caiculaton 
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includes fanner mathematics educators and a calculus text- 
book autlior, and because we \'isit mathematics, en^neering, 
and education conferences and talk to educators both to 
promote existing products and to find out what teachers and 
students would like to see in future products. 

We had watched the interest in graphing calculators grow 
steadily each year, and had been invoh^ed in workshops for 
teachers using technologi^ in the classroom through an HP 
grants progTBm, Although the HP 43S/SX was becoming a 
standard for engineering students and professiojial engi- 
neers, it wiis just the first step in meeting the needs of the 
education community, and we continued to hear Uiat it was 
loo difficult to use and too expensive for classroom use. By 
January U>92, when we talked to educators attending the 
x\ilS meeting about their needs and al>out the calculators 
that they were considering for use in ilie classroom, it be- 
came ob\ious that we neetleti to have a new product for the 
education market no later than the 1993 back-to-school pe- 
riod. This resulted in die fomiation of an education ad\4sor>' 
committee, a gi'oup of six mathematics professors w1io 
would help us design die calculator to fit the needs of the 
education comnimiitj', and then give us feedback on our 
ii nple nicntatioii. 

Design Objectives 

Our number one objective for the new calculator was ease 
of learning. The usei-s of the HP 48S/SX told us that they 
appreciated its power, but Its complexity made il (jifricult 
for both novice users and experLenced users. Tlie novices 
tended to be intimidated by the extensive owner's manual 
and the difficulty of mastering so many new operations, 
while the experienced users had a hard time remembering 
how to use some operations that they did not use frequently. 

Creating a state-of-the art graphing calculator was our second 
objective. We needed to mtIH s«>mh' graphing capal nil ties, such 
as tracing along a graph Hial sliadir^g between grapiusjust to 
maintain parity with other graphing calculators, but we also 
wanted to go far beyond the competition with features stich 
as 3D grapliing anti aninmt ion. 

Our third objective was to enhance the high-end mathematics 
capability of the MP 48S/SX with the add! lion of features sucli 
as differential equation solving, polynomiai root finding, 
more matrix operations, and Fourier transforms, thereby 
strengthening our position as the most powerful technical 
calculator in the wnrkt 

By offering two models, the HP 48G and the HP 48GX, we 
intended to please customers at both ends of the education 
spectrum. The HP 48G has a list price that represents a sub- 
stantial decrease from the list price of the HP 48SX or HP 
48S. Tliis makes the HP 48G competitive with other graphing 
calculators and makes it appealing even at the high schof>l 
level. The IIP 48GX has more appeal for college students, 
with four times his much built-in memory and two plug-in 
card j)orts that are expandable to 4M b>tes of memory. 

Operating System 

A calculator or computer operating system is primarily a set 
of con^'entions for n^emory organization, data stnictures, 
and resource allocation together wjt.li a set of software tools 
to aid m performing operalitins in arcfird;irict^ wilh tliose 
conventit^ns. In contrast, an application is software built 



using the resources and conventions of the opeialings^s^ 
tein. As new hardware resources become necessar>^ and 

available, the operating system must grow to nianage those 
resources effectively and as transparentlv' as possible to the 
apphcations buiit on the system. 

The operating system (and system programming language) 
in the HP 4SG/GX is the RPL operating system, first used in 
the HP 18C and HP 28C and subsequently in a nmnber of 
other machines including the HP 28S. HP 48S/SX. and now, 
with extensions, in the IIP 48G/GK 

HP 48G/GX Fundamentals 

The key concept underlying the operation of the calculator 
is the idea of objects on the stack. A stack is a data structure 
that is similar to a stack of cafeteria tra>^. The crlean trays 
are added to tlie top of the stack, and as trays are needed, 
they are removed from the top of the stack. Tliis tjpe of las! 
in. first out ordering characterizes the HP 48G/GX stack. All 
operations take their argument's (if any) from the stack and 
return theii' results (if any) to the stack. 

Tliere is only one data stack in the HP 48G/GX This resource 
is shared i>y the user and the system RF'L programmer, who 
must take great care to make sure tliat any objects that be- 
long to the user are preserved through the operation of sys- 
tem RPL programs. For example* the user may have a few 
numbers sitting on Oie stack, then decide to plot the graph 
of a fimction. Tlie system RPL program that runs when tlie 
DRAW key is pressed does many operations that require the 
use of the stack, such as recalling die plotting parameters, 
checking that they are \^lid, c^culating the range over w liich 
to plot, evaluating the user's fimction, and converting the 
fimction values to pixel coordmates. Alter the giaph is com- 
plete (or if the drawing of the graph is intemii>ted by the 
user), when the user sees the stack agahi, the same nunil)ers 
that were there to begin with should not have been disturbed. 

Instead of trays, users may collect various ty|3es of numeric, 
symbolit:, and graphic objects on die FIP 48G/GX stack. The 
types of objects available in the HP 48G/GX include real mid 
complex numbers, real and complex arrays, binary integers, 
names, characteT^, strings, tagged otjjets, algebraic objects, 
mut objects, and graphic objects. There are also backup 
objects, Ubraiy^ objects, directories, programs, and lists. (I IP 
48 object types are disctLSsed in more detail in reference 2.) 

In a key-per-fitnction calculator, there is a single key tliat the 
tiser needs to press to get the machine to perform any opera- 
tian, such tis cosine. The IIP 48G/GX has many more opera- 
lions than the 49 tceys on the keyboard, so there needs to be 
a way tu access all the functionality without assigning one 
operation to each key on the keyboard. This is accomplished 
through the usr Mriiu^niis and soflkeys. Tlie toji row of keys 
on I ire keyboaji] diHmi iiavr any! hi ng printed on them be- 
cause tiiey correspond to menu labels that appear alonj^ the 
bottom of the screen. These keys are calleti soft keys, and 
their meaning changes whenever the corresponding lal>els 
on the screen are changed by the software, 

HF 48S/SX Memory Controller Configurations 

We will now discuss the mtmior^^ contrtiller <'imfigurations 
used in iiic HP 18S/SXaiid how these im* used in impteiuerU- 
mg the various types of ex|iancled address nusdi^s fleveloped 
for these prnflucts. Tlie next section outlines tlu^ c^ferences 
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Fig. 2, Standard niemorj' conlroK 

[er cujkllgaraTioii fur the HP 
4HS/.SX ealculat^.ir. Menioty ulaes 
are in bytes. 



m configuration between the HP 4SS/SX fuid the HP 4BG/GX 
and tiisc^usses how (hese liifferences me used lo exienfl ajid 
refiue tfie exiJiuuled address te< hnology to provide acress to 
a total of 4.75M byies of code ajid data as trajisparently as 
possible. 

The CPU bus architecture first developed for the HP 71 and 
used in all HP calculators since that liuie has several useful 
feattires. One of the iiic:es! is its adtiress conHguratiou i^apa- 
bilities. All chips atlaclied lo I he bus are requiretl to be able 
to change J on coninvand of the bus, the range of addresses 
that evoke a response from the chips. Such a system elimi- 
nates, once and for all, the inconvenience and headache of 
configuring jumper switches on cards designed to plug into 
the macliine. For a consumer protluct like a calculator this 
is not only a nicety, it is a necessity. 

In the early days of the architect tu^e (IIP 71 to HP 28C), the 
CPU bus lines w^ere actually routed around the circuit board 
and any RAM, ROM, or memory niappe(i 170 (luit was al- 
tached to the bus had to be custom-made wiMi ihe tms inter- 
face attached This had the advantage of allowmg an aibitrai-y 
number of parts to be added to the system with assmance 
tliat the system would be capable of handling all of them m 
one ivay or another. It had the grave chsadvanta^e of putting 
a price premium on such essential items as ROM and RAM. 

In the second-generation CPU chip, a fixed number of mem- 
oiy controllers were mcluded onboard the CPl', The CPU 
bus w^as then, for all practical purposes, completely hidden 
within the CPU itself. The combination of extenuil standard 



RAM or ROM together with one of the inteiTial memor>^ 
controllers T-vas then equivalent (so far as the CPU bus is 
concerned) to a standard bus device. 

hi die standattl device iniplementations, the size of the de\1ce 
(that is, tlie atidress space occupied by the de\ice) is de- 
sisted into the de\ice. In the second-genei^tion chip, the size 
of the cont:iollers was mask i^rogranuned at the time of man- 
ufacttjre smce we knew" exactly wiiat size each controlled 
device w^ould be. 

With the advent of plug-ins for the HP 48S/SX, the configma- 
tion capabilities of the memory controller's had to be ex- 
panded to include v^arying the apparent size of die memory 
controller to conform with the de\1ce being plugged in. Tliis 
is one of the many advanced features in the third-genenition, 
IIP 48S/SX implementation of the arctiitecture. This resi/irij( 
feature, in addition to allowing plug-uis of various sizes, also 
presented the opportunity to explore expaitded address 
modes, wiiich we have come to call the "covered" teclmology, 
tor reasons that v^ill be apparent sh<:)itly. 

The third-generation CPU chip has six memoiy controllers. 
In the HP 48SX, these are allocated to memor>" mapped 1/0, 
system RAJVi, poit 1, port 2, and system ROM, and there is 
one extra controller. Their configuration in the usual state is 
shown in Fig. 2. Tlie memory controllers are showTi with 
thvir sizes and locations in the address space (OOOOOh to 
FFFFFh). Tliey iue also pictured as having a vertical locatkm 
m "priority spat^e." In the Ci*U bus definition the devices are 
chained, with the result that devices closest to the CPU on 
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the chain have tiie first opportunity to respond lo Inis re- 
quests, hi const^uence, it'tw^'o devices are configured wiiJi 
overlapping address ranges, the one closer to the CPl' on 
the chahi eflectively hides the more distaiU one. hi Figs. 2 to 
12, higher priority caii be interpreted as "closer to the CPU" 
or ""hides those below,'' 

As shown in Fig. 2, the mentor^' controller for system RAM 
hides the section of ROM shown as covered. This is the 
reason for the name "covered" technology. 

Fig. ;l shows more detail of the covered ROM and the first 
way in wliich it is used. In one section of the covered ROM 
there is assembly language code (mostly math roiithies) that 
requires no RA.V1 resources outside the CJPV for execution. 
Tliis code is executed in-place in the covered ROM by 
shrinking and/or nu>v1ng the memory controller for system 
RAM so tluii the relevant section of code is temporarily un- 
co vereci. When tlie routine fuiishes execution^ system RAM 
is returned to its nonnal configuration. 

A second set of routhies, all of whit^h only need access to a 
fixed set of locations witJiin sysietii RAM. ran execute with 
system R^MVI in any tme of Iti I rx -at ions, as long as they 
themselves are not currently covered by system Rj\M. 

Fig. 4 shows a second way in which the covered ROM is 
used. In this case, code imd data (mostly data) are copied 
fi-om covered ROM to a nuiilbox at a fixeil location m system 
RAM .AHer the copy is conipletedi system RAM is returned 



to its nonnal configuration and tlie code and data are a^ail- 
ahle to the rest of the system. Coders using this datii must 
remain aware tJiat it is ^ olatile and can be destroyed by an- 
other fetch of data from covered ROM. In this sense^ this 
method is not transparent. 

Aiiother way in w^hich covered ROM is used is sho\\ii in 
Fig. 5. It is as transparent as the exec ute-in-p lace method 
hut entails few^er restrictions on the code and data that can 
be included. In the IfP 48SX cotle, this system is ustially tietJ 
to tlie execution of ROMPTRs. Reciill I hat ROMFFRs aj*e RPL 
objects that substitute for hard a<ldresses of oljjeets wiiose 
precise location is not kno\^ii in advance (and m fact might 
not even be present. ) They are midway between Itaiti ad- 
dresses that only change at compile/link tune and identiiiers 
whose corres])ondmg objects may move between subsequent 
calls at run time. 

If chiring the conversion of a ROMPTR to an address, it is 
detennined that the eonesponding object lives in covered 
ROM. the otjjeet is copied from covered ROM, through the 
nuiilbox. to I he TEMPOS fteniponyy object) an^a. Tlie address 
of its new Incalion ii^ the TEMPO B aiea is tlien retunieci. Fig, 
shows a compaiison of a naiued ROM word (keyword or 
command) a.s it would exist in covcTcd ROM Eind as copied 
to the TEMPOB arcM. Although we'll refer bat k to Fig. (5 Imer, 
for now notice Liiat in adtlition to I lie object itself, an addi- 
tional piece is added to the image hi the TEMPOS aiea. This 
piece is a ROMPTR preceding the object itself This allows 
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Fig. 6. Comparing the stnirtiire of a ROM wnrcJ as resideni in ROM 

and when copied to TEMPOB using covered tecihnologj^ 

the routine converting the ROMPTR to an address to check 
whether the object in question is a copy of one residing els€^ 
where. This method of covered ROM access, which we call 
"covered ROM word access;' wih be especially relevant to 
our discussion of the HP 48G/GX. 

Preexisting design elements of the RPL system contributed 
greatly to the practicality and trans]}arency of covered ROM 
word access, including: 

• Encapsulation of code and data into RPL objects that are of 
determinable size 

• Indiilerence of RPL object execution to object location in 
RAM or ROM 

• Equivalence of direct and indirect execution of RPL objects^ 
which allows (non circular) stnictures to be stored and used 
in thie same format. 

HP 48G/GX Memory Controller Configurations 

The HP 4SGX has a number of important featiu^es including: 

• Up to 128K b>l;es of buih-in system RAM 

• One plug-in port electrically equivalent to the HP 4BSX ports 

• Access to 512K bytes of system ROM 

• Access to 4M bytes of RAM or ROM at a second port using 
industry-standard parts. 



These features required increasing the usable address space 
from 0.5M bytes to 4.75M bytes, an 860% increase over pre- 
\t:oiis machines. 

While the HP 48G/GX has CPU functionally equivalent to the 
third-generatio»i CPU discussed above and thus has six 
memory controllers, ttiese contJoUers are con figured and 
used differently. Fig, 7 stiows the standard HP 4SGX conligu- 
ration. Ttie controller previously idlocated to port 2 is now^ 
used as a bank sv-^ltch conlroL and 1 he extra controller is 
now allocated to port 2. Furthemiore, there are now as 
many as 34 layers over the last 128K bytes of address space. 

Eliniinated m this configuration is the IIP 48S/SX covered 
ROM. This metuis that all of the fimctirjnalily included in the 
HP 4^S/SX can be accessed more quickly. 'IVo things that are 
visibly enlianced are plotting (smce the ruatii routines are not 
covered) and screen update (since the font bitmaps are not 
covered.) Since there are a great, many more covered places 
to access, however there are rtiany more "temporary" con- 
figurations bo keep trajck of wliile working with tlie covered 
data. 

To simplify the system, we use only a single covered tech- 
nique, namely, covered ROM word access, with appropriate 
modiftcations. Without tins simplification, the number of 
access metJiod and configuration combuiations would be 
munanageabie. Moreover, this is the only feasible method cif 
covered access to code ^Titten for the IIP 48S/SX or nol 
expressly written for die tlie new configuration. 

Fig. 8 shows the conllguration while copying an object fi-om 
a bank of port 2 to the TEMPOB ai'ea. Port 1 is unconfigured. 
In the unconfigured state, the controller responds to only a 
handftil of bus commarids and acts as if it weren't there for 
data access. 

Fig. 9 shows the cotifiguration while copying an object from 
the second half of the upper system R(^M. In this case, both 
ports are unconfigured. 

Pig, 10 show^s the configuration while copying an object bom 
the first half of the uppei^ system ROM. Since a controller 
move or reside operation takes many more CPU resources 
than configure or unconfigure, it is often necessar^^ to copy 
objects from this section, througli a mailbox, and then into 
theTElVlPOB area. 
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Fig. 1 1 shows the configuration when it \s deterniined tiiat 
nothing is i^hjggerl in at all. In this case, the only rove red 
access is to the first lialf oflhe npper system ROM. Again, it 
is likely lo be necessaty m copy this material through a mail- 
box. Otherwise, all the ROM words can be executed in-place. 

Fig. 12 shows Ihc standarti f IP iBG configuration, which is 
identical to Fig. 1 1 except for the smaller size of system 
RAM. While it is not. sirirlly necessary to use this configiira- 
tion, whicli matches one nf the HP 48(jX cottfiguraliotis, 
tlrere are advantages. First , ii allows maximal f ode sharing 
between the two machines. In fact, the code can be identical 



in this case. Second, it gains the ad\^antage of faster access 
to the base functionality, pro\iding a more responsive 
iniplementation. 

Hardware Design 

nie heart of the HP 48G/GX is a fourtJt-generation CPi; chip. 
This custom ASK' is buih around the original HP 71 proces- 
sor, and its development was key to the creation of the HP 
4B(f/0X. This chip has four advantages over the third- 
generation chip used in the HP 48S/SX, First, it is produced 
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using a rliffercnt CMOS process, allowing betttT sUibiliD^ 
witli onljoard voltage regulation circuit i> Second, tlipse 
improved voltagt^ characteristics and several low-leve] opti- 
mizations allow the new CPU to operate at twice tlie speed 
otitJii predecessor. Tills speed increase gives it a 4-MHz bus 
rate. Third, t.lie ncw^ CPIT is packaged in a 160-pin quad flat- 
pack, improving tlie manufacturability of the HP 48G/GX. 
Fourthj with all iliesc improvenients, the final cost is lower, 
increasuig the budget for other hardw^are improvements to 
the calculator. 

The faster processing speed of the HP 48G/GX CPU gave the 
softw^are team incentive to improve the nser interface, im- 
plementing gmphical routines tiiat would not have been 
acceptable at the slower processing rate. Tliis added finic- 
tipnality required au increase in data storage space, so we 
boosted the size of ROM and RAM. We idso decided to add 
the fa(Hhties to bank-switch a data card plugged hito cai*d 
port two. 

Tlie HP 48G/GX circuity; with its ad<litional components, 
had to fit m the same physical space as in the HP 46SX- The 
product plan and scliedale did not allow chtmges to in'oduc- 
tion tooling or plastic jjans except for tJujse that w^ere abso- 
lutely necessaiy At times we felt hke poets trying to write 
crossword jmzzles. The HP 48SX circuit board design w^as 
optimized such that it did not leave its much free space. 
These space constraints affected many of the HP 48G/GX 
hardware design choices. 



Fig. 1 1 . HP 48GX aU^ports-eitipty 
L'oiihguration. 



TliG RAM increased from 32K bytes in the HP 48SX to 12SK 
bytes m the HP 4BCrX, while the HP 48G retained the original 
32K-b>te chip. This difference between die G and I he GX 
offers two advantages. First, it provides more differentiation 
between the functions and cost, of the G and tlie GX, in- 
creasuig die ijroduct family's market appeal. Second, the 
difference in RAM size pro\ides a way ftjr the calculator to 
kncjw w hether it is a G or a GX. If the calculator scans the 
R^^M and finds only :i2K b:v1es, tJieii iliere will never be a 
plug- in data caid mstalled. With tiiis information the covered 
memory options become much sunpler. The RAM memory 
size becomes an internal product type identifier, and sevenil 
softwaj'e routines are optimized for faster performance on 
theHP48G. 

ROM Changes 

Tfie IIP 18G and GX share a common RO.M code set. They 
also si 1 a re a common circuit boaid. Wliile 11 lis simpbfies 
documentation, manufacturing, and stock control, it also 
complicates some areas. The tlP ISGX R.AJVI chip is wider 
and longer tiian the chip used in the IIP 48G: the ;J2K RAM is 
in a 28^pin small-outline (lackage (SOP), and the 128K de\ice 
is a y2-pin SOF* Both conibmi to tile JKDEC pinout stiuidard. 
A 128K device was chosen tliat has an extra chip select line 
at pin 30. Tins chip select is tied high, allo^mg puis 1 through 
28 of the smaller RAM to overlay puis 3 through 30 of die 
larger device. The extra chip select of the HP 48GX RAM 
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matches the Vm tii^^ of th^ HP 48G RAM chip, and all of the 
other hnes are pinout<'ompatib1e- 

The difference in physical package mdth also posed a 
problem. The foil patterns on the circuit board had to be 
modified to accept RAM chips with difFerent lead spacings 
across the package. The jntmediate response was simply to 
stretch the ov'al-shaped pattenis. However, tliis resulted in 
the foil extendiJig weW under the body of the 12SK chip, a 
situation that could have led to solder bridguig where the 
solder paste contacted die part body. This is avoided by using 
two different sokier stencils on tlie manufactiumg line. A 
paste of solder is laid on the blank circuit board before parts 
are loaded onto the board. A metal stencil defines the pattern 
of the solder paste, just as a silk screen controls the pattern 
of ink on a shirt. By using a different stencil pattern for the 
G and GX circtiit boards, we control the original location of 
the solder paste and keep it out from under the 328K-byte 
R4M body. Once all the components are loaded onto the 
riicuit board ami the solder is heated to a ntolteji state, a 
tlanger miglit again exist for the s<:)kler to flow under the 
part body. Fortunately the nature of tlie mechanical contact 
betw^een the RAM lead and the circuit board foil tends to 
cause tlie solder to pool or wick to the lead ratJier dian 
spreading across the elongated foil pad. 

Tlie packaging of the ROM chip was also changed between 
the HP 48SX and the HP 48(iX. Tlie SX used a square 52-pin 
quad flatpack for its 256K bytes of program data. The code 
size of the HP 48GX is doubled to 512K bytes. Its package is 
a 32^in SOP like the 128K-byte RAM chip. Their conmion 
package configuration allowed us to conserve splice in the 
placement of Uie two chips and in the routing of signal wires 
between them. 

Use of a standard SOP ROM chip also allowed us to use one- 
time programmable (OTP) R( JMs in prototype calculators. 
An OTP uses ttie same semiconductor core as a irv^;Tasable 
EPROM. To get the semicruiductor chip into iui SOP^ liow- 
even the manufacturer omits tlu' familiar glass wiiulow in 
ihv chip, covering tlie de\'ice m opaque plastic. The resulting 
ROM is no longer erasable. 

TVpically a protiuct schedule retiuires nionihs between code 
release and the slajl of prtKluction so that. ROMs can he 
built with the software code Iniilt-in. Tlie use of OTPs on 
this project cul the require<l time tVoni months to days. For 
one proti>t>ije nuv, tiie tiitie between code availability and 
product build wius only a few hours. 

The IIP 48G/GX CPU multiplexes the highest, address bit, A18, 
Vkilh an acidition^il chip enable line, CE3. The original idea 
was to allow future exjiansion of the HP iH faituly either to 
use a larger ROM chip or to include im addilioucil rneriiory 
mapped device. By the time the HP 48G/GX design was com- 
plete, we had decided to do both. We dotihled ROM to 2^^' 
bytes, and wt^ added bank s wit cubing to c;ird ijort 2, Two 
small HCMOS chips were added to ihe Ijoiud lo dentultlplex 
these signals. The two chips are a ciuacl NAND chip and a hex 
D flip-flop, similar to the standard TTL devices. The multi- 
plexing is accomplished by sijutily toggling a cfjntrol bit in- 
side the IIP iBG/(iX (T*ll To diMiiultitjIex I tie A18 and CE3 
sigiials, we developed a protocol for tuiiroring the .state of 
the internal bit to one tjf the ext.errial l) flip-floi^s. The NAND 



gales handle signal demuMplexing, and the remaining frve 
flip-fiops form a register for the cai^ port 2 bank address. 

Other Hardware Changes 

The card ports of the HP 48SX were designed for Bpson 
memorj' cards. Several unused lines were adapted to pro- 
vide external %ideo signals to drive an enlarged display for 
classroom use. On tlie HP 48GX, tJie \ideo lines are retained 
only on card port 1 . On ciird port 2, the video lines are re- 
placed by five additional a<ldress lines. The system scjftware 
allows the card in fwirt 2 to Ije siibdi\1ded into 12SK4>yte 
sections, with each section treated as a virtual plug-in card. 
Five bank select address lines permit up to 32 \irtual plug- 
ins in card port 2, yielding a maximum card size of 4M b>tes 
in Ote plug-in port. With the ROM, RAM, mid plug-in options, 
an HP 4SGX can access 4,980,736 bytes of onboitrd tiata 

Since the inception of the HP 48 fajuily of calculators, liquid 
crystal tlisplay technology has progressed significantly. The 
display in the HP 48(VGX provkies improved visibility by 
improvements in pixel cotttrast. The disjilay is tliiimer than 
liefore. Tliis change in glass tluckness reduces the parallax 
between the pixel within the display and its shadow on die 
rear face of tlie display. In the HP 4SSX, the pixel contrast 
was lower and the shadow was not dark enough to cause 
problems, but ui testing the new IIP 4BG/GX tUsplay under 
various light conditions, we foimd that shadow effects made 
tlie display hard to read. With the thinner glass now ased, 
the pixel and its shadow appear' as one image, and the 
shadow now enhaJices the appearance of the pixel. 

Changes to plastic parts were not permitted, except where 
necessary. The back case of the HP 48G/GX required chmiges. 
The changes were all accomplished by making mold inserts. 
Where text on the mold riec^ded chmiges or additions, the 
afft^cted area of tlie mold w;is nulled away A jjiece of steel 
was placed into the ht^le u> make a tH^rfeci fit, and the face 
of this new piece was etclied or inscribed with the new tex- 
tm-es and features- The new back case helps identify tiie 
differences between card ports 1 iutd 2, ttpdates the copy- 
right infomiatirm, adds a mark indimiiog that the HP 
48G/GX complies with Mexico's iuitiort^tion laws, and adds 
£m area for a cuslotuized nanteplate. The cusif jmized name- 
plate is a piece of metal with adhesive on one side. Tiie cus- 
I onier's narne c^m be engraved on the plate and attiiched to 
mi inset area of the back case. This is tlie same narnejjlate 
used on HP*s palnilop computer family 

TFie result of thesi^ changes is a contptUer plalfomi that Ls 
more powerful than Its pre<!ecessor, is well-suited to the 
enhanced user interface developed by the software team, is 
more versatile for botli the user and tlie design engineer, and 
is less expensive to produce. It stiuletl as a processor up- 
grade and became a in^or product improvement. 

User Interface 

With ease of learning ;md ease of use the primar>' goals for 
the new HP 48G/GX calculator, the user ittterfacc^ antl many 
built-in applications have been lai^ely redesigned. 

fupift ff^rms provide tlu^ coiouion starting point for the 
new miti rt^writtt^i apphcations iii live HP 48G/GX. Looking 
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much like dialog boxes in an Apple Macintosh or Microsoft® 
Windows PC, input forms provide a rui-in-the-blai^ks guide 
to the input needed for a t^isk, plus application-specific 
menu keys for acling on that input. 

For selecting an application m a particular topic and for 
picking an input froin among several choices we developed 
cftaose boxes, a type of pop-up menu that suggests alterna- 
tives and narrows the input focus. 

We designed messagp boxes to make feedback tjt> the user 
more manageable within our increasingly crowded {iisplay 
space. Message boxes appear on top of whatever the user is 
working on tind provide more Hexibihty for fonnatted mes- 
sages anci Icons than the two-line, fixed-location error mes- 
sages they replace. They also preserve the context tliat c^m 
otherwise be lost when something snri>rising happens 
within an apphcation. 

Input Forms 

An mput form provides both a means to enter data pertinent 
to an application and operations that pennit the user to direct 
actions. 

Visually, an input form consists of (see Fig. IS): 

• A title suggesting the form's puri>ose 

• One or more fields, typically with explanatory' labelSj wMch 
are used to gather and display user input 

• A help line that details the input expected in the selected 
field 

• Menu keys that provide more options for working within or 
exiting the input form. 

Each input form field can be one of four types. Most input 
forms, such as the Set A farm and J/0 Transfer input forms, con- 
t^n several or all types of fields. Te^rtjiekis are used to enter 
arbitrary IIP 48G/GX objects hke real niiinbers imd matrices; 
the ohject l^pes allowed are specific to each text field. In 
Fig. 14, a text field is used to enter an alarm message in the 
Set Alarm input fontt. 

When a single choice among several is required, listfwlds 
are used to eliniinatc invahd ijiput and to help focus user 
actions. To select an entry m a list field, a choose box iB dis- 
played. In Fig. 15, a Ust field is used to specify the transfer 
format m tJie I/O Transfer input form. 

Sometimes only a simple yes-no, doHDr-don't type of choice 
is needed. For this we use check fields. Fig. 16 shows how 
the ovenvrite f DVWR) field is used to specify whether or not 
an existing variable should be overwritten. 

Finally, when arbitrary input is possible but logical choices 
are also available, combined text/list fiMds are employed. In 
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the Transfer input fomi, the Name field Is a combined field that 
permits new names to be entered or the names of existmg 
HP 48G/GX variables or PC files to be selected (see Fig. 17). 

As the figures illustrate, each of the tluree base field types 
has associated witli it a dedicated menu key that triggers the 
unique feature of that field type. This feature is an important 
part of how we maintained a calculator key-per-function- 
style interface within the constraints of a snuill display and 
T^ith no pointing device. In other graphical user mterfaces, 
visual elements such as Ust arrows are activated by mouse 
clicks to ehcit different l)eha\1ors from fields. In the IIP 
48G/GX, the user's finger acts as the pomting device, trigger- 
ing the desired behavior by pressing the appropriate acfion 
button for each field. Consistent location of the three types 
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of action buttons helps the user navigate an input form 
confidently. 

Some input form menu keys perform application-specific 
operations— for example, DRAW in Plotting. In the second row 
of the input form menu are more ad\^anced input form opera- 
tions for resetting a field or the entire form, displaying the 
object types allowed in a field, and temporarily accessing 
the user stack to calculate or modify a field value. 

Choose Boxes 

Choose boxes are used to make a choice in an input form 
list field. They are also used in most subject areas to choose 
a specitic application from among several. Fig, 18 shows the 
choose box that is displayed when tJie STAT key is pressed to 
perform statisticaJ calculations. 
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Fig. 18. A typical choose box. 

When circumstances require, choc^e boxes can include any 
or all of several ad\^anced features. The Memory Brow^ser 
appUcation, for example, is actually a maximuni'Size crhoose 
box embellished with a title, multichoice capabihty, and a 
custom menu (see Fig. 19). 

Message Boxesi 

Message boxes are used primarily for reporting errors that 
require attention before proceeding. For example, if the user 
attempts to enter a vector In the EXP8 field of the Integrate 
input form, a message box appears to inform the user of the 
problem (see Fig. 20). 

Some applications also use message boxes to give additional 
mfonnation. For example, in the Solve Equation input fomt, the 
iLser can press INFO any tune after a solution has been foimd 
to review the solution and determine how it was calculated 
(see Fig. 21). 

Input Form Implementation 

For the HP 48S/SX, we developed an RPL tool caUed the 
parameterized outer loop'* to speed development of new 
interfaces sucli as the Matrix Writer by automating routine 
key and error handling and display management. The input 
fonns in the new^ HP 48G/GX embrace this concei)! — in fajct, 
(he in(>ut fomis engine is a parameterized outer loop appli- 
caliuii — anfl take it one step farther to automate routine 
mad:ers of application input entry imtl selection of op lions. 
The inptit forms engine l>rings a uniform interface to all new 
HP 48G/CiX applications. 

Wliile narrowly focusing the task of application develop- 
ment by managing command input tasks, the input forms 
engine also leaves much room for the customisation Ihat 
helps optimize the HP 48G/GX for ease of use. Since an im- 
portant measure of our progress towards our ^oals for the 
calculator w^as to be feedback from typical usen* tliroughout 
the development cycle, w^e designed the input forms engine 
from the grountj up to be higWy customizable. Tltis was ac- 
complished in a progranmier-frientUy manner by including 
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Fig- 20. A typical message bux. 

over fifty hooks iiito the input fomis engine's responses to 
external and interna] fTents. Ertenta! evefiLs are tiiggered 
by ust^rs aiid include low-level evi^nts such as key presses 
and liiglvlevel events suiii as completion of a field entry. 
Inteiiml evetiLs are usually activated by external events, 
such as fomiatting a completed field entiy for proper dis- 
play. A single external event can trigger a half dozen or 
more internal events, all of which are custonil^sable. 

Input furtn apphcations can customize miy or all form-level 
events such as title display or field events such as displacing 
a help line. Each field has a./V«^^f//j^vj<:'Pt/w7F associated with 
it, and the entire fonn luis a form pmcedure associated with 
it. Wlienever an event occui"St the appropriate fieki or form 
procedine is called with an idettti losing event number and 
perhaps additional mfonnation. If the tirocedure does not 
customize the event, it returns FALSE to die mput, forms en- 
gine. If it docs customize the event, the procedm^e performs 
the custom beha\ior and returns TRUE, hi this maimer, every^ 
event first queries the proper fonn or field procedure to 
detemune if custom beha:vior is needed, Uien handles the 
event nonnally only if it isn't customized. If a fonn or field 
has no custom l)eliavior, it specifies a default procedure tliat 
quickly responds FALSE to all event queries. 

The reason for a form procedure and multiple field proce- 
dures is to spread the burden of customization throughout 
the form. Since eacli field procedure only checks for the 
events that peit^iin to it, and since t he fcjrm procetiure only 
checks for form-level events, no single event processing is 
slowed by a liiglily customized fonn tJiat vvould otherwise 
have t43 compare the event number against a lengthy list of 
event and field conibmafions. 

For the HP 48G/GX project we needed anot her layer of 
regularity not enforced by the input forms engine. Because 
w^e sought and reacted to usabiUty feedl>ack almost vmril (he 
code was released to production, the user interlace details 
for each subject area were subject to constant change. It was 
imperative, therefore, that we maintain a strict and formal 
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di\isi on between Lmchanging;ni<l well-nntlerstood tasks — 
such as getting and saving problem domain information and 
calculating results — and the user interiace details that were 
chaiigmg reguituiy. We developed a sel of conventions that 
were embodied in what we called tnuisla Hon files. We used 
naming niles kuid constrained responsibilities to greatly miti- 
gate the effects of user interface ( liar^ges on t lie underlying 
p rob lein-so King fmictionality. For example, one RPL word 
Ln the piotthig trtmslation file Itas tlie simple task of reading 
the current horizontal plot range from calculator memory. 
Since the word has no presumptions about how and when it 
will be caUed, references to it could be (and often were) 
changed around as the fields populating the plotting input 
fonn were worked out. 

Choose Box Implementation 

The choc^se I>ox engine is ver^ much like the input fonns 
engine. For customization, the pnjgramnier can supply a 
cfwme pwcedure that responds to 26 messages. 

A feature of choose boxes that simplifies their use is the 
option — heavily useci by the buih-in applications — of items 
that encapsulate bofii display and evaluation data. For exam- 
ple, when an angle metisure — degrees, mdians, or giads — is 
to be chosen in certain input fonusT the choose I>ox engine 
displays plain descriptions but returns an RPL program that 
sets the selectetl angle measiue. Tliis circmn vents I he need 
for br<mching accordhig to the returned object and simplifies 
the extension of clioices. 

Results: Benefits and Costs 

Initiiil feedliack from the educational advisory committee 
and user reviews suggests that the use of input fomis and 
other grapliical user uTterfacx* elements luts gi*eatly improved 
the ease of use of ihe HP 48G/GX over tlie HP 48SASX. How- 
ever, the path we took to this a(*compiislinient was more 
challenging than we planned. 

Event customization, originally conceived ijs a means to 
exterul the functionality of ini:mt fonns in unforeseen ways, 
turned out to be a key component of our ability to prototype 
new user interlace ideas rapidly. As their name may imply 
the origiuci] uitent of in|nit forms was veiy modest comtjarefl 
to the roie they now play. We designed input fom^s to be the 
staiiflard means by which applications gather data for a 
task. fJne or more input fomis would be displayed as neces^ 
sary withui the context of another, undefined, application 
context. This oiigmal concept is applied successfully 
tlnoughout the calculator For example, in the Memory 
Browser, when NEW is pressed to create a new variable, an 
input fonn is used to get the uifomiation reqmred (see Pig. 
22). In this context, the user can do on]y tluree things irrt he 
input fonn: enter data, < ancel the fonn, or accept (OK) the 
fomt Tills simple but effet live bcha\ior wkis the model used 
for the original Input Umw design. 

As the projeci: developed, however, it became appai"ent that 
an input form could serv'e not only as a information gatherer 
bin also as an action ciirector. hiput fonns thus graduated 
from simple dialog boxes to full-Oedged apphcation 
environments. 



Fig. 21, The Solve Equation fNFD message box. 



1 6 August i9H Hewlett-Packard J ouroal 



)Copr. 1949-1998 Hewlett-Packard Co. 



DEJECT: 

NAME: 

_DlftECTDRY 

EHTER NEN OBJECT 



EDIT M:HflD:v 



CftNCL DK 



Fig, 23- Memory Browser NEW input form- 
In le rest ingly, no nmjor changes to the input fonns engine 
were necessary or even desirable to support their new' role. 
Instead, die essence of input foiTO fxnictkinalit^' remained 
always data nianageiiient, and the events customization was 
applied selectrt^ely where needed to enhance application 
foniis. 

In a siaiilar manner, the event <lnvvit choose box engine was 
event uaily pressed into service as a poweiful base for Hst- 
style applications like the Memory Browsen 

ilie combination of lean, focused, standard feature sets for 
inpui forms and choose boxes and iiig!i cnsromizabilitj- 
proved invaluable dtiiing the cidculator design refinement. 
Throughou! the middle portion of the project, when the 
basics had been settled but many user interface details were 
still miclear, we were able to prototy^ie new ideas quickly 
and realisrically by customizing event responses, 

TVanslation flies were anot.her development effort, that helped 
us keep the design and ittipleinentation mo\lng forward. 
However, we learned over dme that their overhead caused 
some duplication of code atid inefficiency to creep into the 
interface between the input f<UTn5 and the calculator main- 
frame. We addressed this issue where ]3ossiblc by making 
simple aiid safe code substitutions while leaving the inter- 
face concepts int^iCt to enable iugh-confidcnce code defecl 
fixes late in the project. In effect, wc made a choice betwet^n 
maintiiiuability mid liigh pcifonnance that still remains a 
controversial topic among the IIP 48G/GX dcvelopeni. 



Like the other plotting routines, all the 3D plotting routines 
assume that the function of interest is stored in EfL^^ Further, 
they assume, by default, that I he fimction is represented as 
an expression in I he variables X and Y — for exan^ple, u.c -^ 
sin( u+v) is represented as SIN(X+y) in Ed The use of other 
\nriable names is provided for by inpui form options or by 
the iNOEP and DEPEND key^vords. 

While this section is titled ^3D Plotting," a better name would 
be ^visualization techniques for functions of two v^ari^les.'' 
This would cover the persfjective view of tlie graph of a sca- 
lar function of two variables (WIREFRAME), the slicing view of 
a sc:a3ar function of two \^aTiables (YSUCE), the contour-map 
view of a scalar ftmcdon of two variables (PCONTDUR), the 
slope iuteqjretation of a scalar ftmctioii of two variables 
(SLOPEFIELD J, tiie mapping grid visualization of a two-v^ector- 
valued ftmcrion of two variables f GRJDMAP], and the image 
graph of a tliree-vectoi-valiied function of two v^ariables 
(PARSURFACE). 

Given this unity of purpose, there is considerable overlap m 
the global paraiiietei^s (options) used in these routines. These 
plotting parameters are stored in the viiriable VPAR, analogous 
to PPAR.'^ The niiiin data struetuic stored in VPAR describes tJte 
view volume, a region in abstract three-tiimensiooal space 
ill wliich most of the visualizations occur (see Fig. 2-3), 

VPAR quantities controlling the view voltmie aie: 

• Xieft and Xjj^^i, controlling the widtii of the view volume 

• Yfai- and Y^^an conti'olling the depth of the view volume 

• Ziow 3iid Zhigtr* controlling the height of the view volume 

• Xp. Ye, and Z^. the coordinates of the eye point. 

In addition to these, VPAfi contains other quantities used t>y 
some of the routines. These are: 

• XXE,.f^ and XXyigiit, ^m ciltemative X input range, used for 
GRIDMAP and PARSURFACE 

• ItTfsi,. tind YY,„.ry^ an altenuUlve Y input range, used for GRID- 
MAP and PARSURFACE (note tliat this diifers from the ciUTent 
Suite^D iiUeriJr elation) 

• Nx ujid Ny, I he number of X m^d Y iiuTements desired, used 
in aU t)f the routines iusleati f)f or hi combination wuh RES. 



3D Plotting 

The functionality described m this aeciion is a suite of SD 
graphittg and vinj^ing utilities for the HP '18(t/GX. We had 
several rt>q[iiiiements to consider in creating tiiese routines. 
Our aims were that they be psychologically effective and 
require only a small amonnt of code. 

In exploring vistializatton techniques on a variety of nia- 
cl lines we found (hat increiising "realism" fray-traced, 
Phung-shaded. hidden-line, etc.) in the graphical presenta- 
tion of fimctions of two variables did not tiecessmily corre- 
late with Increasing ease of comprehension. The HP 48G/GX 
routines represent the results of some of these experiments 
fine hiding tinie-to-completion as an important factor). 

All of the 3D plotting routines are intended as seamless ex- 
tensions of ! he ol iter built-in plotting utilities. In pai^icular, 
they share the satire standard user interface and are selected 
as alternative plot types. The 3D plotting routines are StOPE- 
ffELD, WIREFRAME. YSLICE, PCONTDUR, GRIDMAP, ^md PARSURFACE. 



SLOPEFIELD 

The SLOPEFIELD plot 1^^ draws a lattice of line segments 
whose slopes represent the function value at dieir t:i enter 
point. Using SLOPEFIELD to plot f(x,y) aUows your eye to pick 
out integral c^urves of the differential equation dy/dx = ff x,y). 
It is quite useful in understanding the arbitrary constant in 
antitlerivatives. 
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Fig. 24. SLDPEFIELD plot of dx/dt - sinfxt). 

The number of lattice points pet row is deterniinecl by N^ 
and tlie iimitber of lattice points per column is determined 
by Nt^v The mput region sampled is given by Xi^^f, < X < X^ ig||( 
aiidYnear<Y<Yfar- 

The input form m this case allows tfie tiser to: 

• Choose or enter the defining expression for the function to 
be plotted 

• Choose the nanies of the two variables (identical to fMDEP 
and □EPEND) 

• ("hoose Xi^^^ft and Xnght (default to their current value, or 
XRMG if no cur rent value) 

• Choose Ynear ^^^ ^tar (default to their current value, oi^ YRNG 
if no ctirrent value) 

• Choose Nx and Ny (default to their curreitt value or 13 and 8 
if no ctuTcnt value) 

• Verify aild/or choose RADIANS, DEGREES, or GRAOS mode. 

In trace mode for StOPEflEtD, the arrow keys jump the cui^or 
from sample point to sample ]^Quit indicating both the coor- 
dinates of the saittple point and the value of the slope at that 
point. 

Example Problem: Detemihie graphically whether all solutions 
of the differential equation dx/dt - sLti(xt) with initial coridi- 
tions ao < x(0) < 3.1 satisfy 2.8 < x(t) < 3.6 for aH t m [0,2]. 

Sofution: Choose SLDPEFIELD plot tyj^e and enter S1N[X*T| as 
the cttrrent equation. Choose T as the independent variable 
and X as the dependent vaiiabie. Choose as Xjeft* 2 as 
^rightT ^-^ '<^ ^x\ear^ ^^^ 3.0 as Yf^n Verify RAD I AIMS itiode, and 
draw the restdt. As seen m Fig. 24, alitiost ail of the uttegral 
ctn^^es in this region leave the window^ either tlirouglt the 
top or the bottom. Therefore, not all the integral cuives 
satisiy 2.8 < x(t) < 3,6 for t in [0,2]. 

WIREFRAME 

Tlie WIREFRAME plot type draws an oblique-view, perspective, 
3D plot of a wireframe model of the surface deteratined by 
z = f(x,y). Tlie function detemtiited by the ciuient equation is 
sampled ht a grid with N^ samples in eacii row^ and Xy sam- 
ples hi each column. Each santple is perspective-projected 
onto the \iew screen along the liite connecting the santple 
and the eye point (see Fig. 25). 

Neighboring samples are coimected by straight hues. The 
sampled region is detennined by the base of the \dew' vol- 
unte (X|^fi, ^ligiit? ^'near: Yfar). The region of the \1ew screen 
represented iit the PICT GROB (grapliics object^) and hence 
on the display is determined by the projection of the view 
volunte on the \iew screen (see Fig, 26)» 




--X 



View Screeti 



¥ 




TppV 


:ew 






. 








: 














PEoHed 


- 


e::::::; 




Point ~X 




n 








\1 ■ 


View Screen 






1 

4 


1 1 Unit 



(X„Ve,Z,} 



Fig, 25* FerspecLive prtjjectioii of a point in the view vuluiiie onto 
the view screen. 

The input foini in this caj^e allows die user to: 

• Choose or entet^ the tieltning expression for the function to 
be plotted 

• Choose the natnes of the two variables (identical to INDEP 
and DEPEND) 

• C-lioose Xjet^t and X^gt^t (defanlt to their current value, or 
XRNG if no cun^eiit value) 

• Choose Vntar <^^^<^^ ^far (delBult to Utelr ctuTent value, or YRNG 
if no current value) 

• Choose Ziow ^^^ ^lugi, (default to their current value, or 
default YRNG if no current value) 

• Choose Xj., Y^j and Z^ (default to theu' current value, or 0, 
-1, if no current value ) 

• Choose N^ and Ny (tlefaull to their cttrrent value or 13 and 8 
if no current vahie) 

• Verify and/or choose RADIANS, DEGREES, or GRAOS mode. 

In trace mode for WIREFRAME, the aiTow keys juntp the cursor 
from santple point to saittple point and tlte display mdicates 
aU three coordmates of the sample point 

Example Problem: Detennine grapltically whether the surface 
defined by z - x"^ - 4x^y^ + y^ is, at the origin, cgncaye up, 
concave do\^Ti, or neither. 

Solution: Choose WIREFRAME plot t>i>e and enter XM-4*X^rY'\ 
2+y'^4 as the cturent equation. Choose X and Y as the indepen- 
dent and depeitdent variables. Choose -1 for X|^^ft, 1 for 
Xnghr. -1 for Yfiean 1 fo^' ^ffiv "i f^^ Aov,'^ ^^^ ^ for Zj^jgi^ so 
that the \aew volume sorrotuids tlie origin. Choose 4 for X^j 
"10 for Yg, and 3 for Z^ to give a distant, oblique view of the 
graph. As seen in Fig. 27, the graph displays a "monkey 
saddle" wliich is neither convex nor concave at the origui. 

New Interactive Features 

The pictme envirormient, which is hivoked automatically 
when graphs are thawn or by pressing the PICTURE key; al- 
lows the user to interact with a graph. Tlie tiser can move 
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Fig» 26, Relations] dp uf view volume and eye point Lo XFING and YRNG. 
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Tiie crests hairs aroujui u^iiig the turow keys, trace along the 
graph, add picture eienients sucli as dots, lines, and circles, 
or do interactive calculus operations such as finding the 
derivativ^e at the cross liairs location. 

TVace, Faster Cross Hairs 

The HI* 48S/SX cToss-liair-nitning code was rewritten for tlie 
HP 48G/GX, The cross hairs needed to be faster, to fade less 
as they moved, and to accommodate added functionalit>' 
soch as tracing and shading. The cross hair code originally 
canie from tJie HP 28 arul has been maintained and modified 
over the years. !n the HP 28. most of the cross hair code was 
wTitten in higlvspt^etl assembly language m\d aci ually con- 
laineii a routine rallefl StDW which was hunetl deetJ wilhin 
RPL subroutine calls. SLOW was needed to slow the cross 
liairs down to an acceptable speed. The use of this word 
w^is discovered during the process of portmg the code from 
flie HP 28 to nm on the bigger HP 48S/SX display There 
were numy occasiniis diuini^ ihe HP 18G/GX project when 
we were l lying to s]>eed up various operations and wished 
we could just find t-he word SLOW arui t^ike it out! 

The fading of the cross hairs as they moved was improved 
by changing the code so that the lime betw^een turning the 
crc^ss hairs off at. out* pixel and turning Miem on at the next 
pixel is minimized. To do tills, till the c^dc illations requiretl 
for moving me now tlone before tuniuig tlie cross hairs off. 
Unfortunately the new display on the HP 48G/GX trades off 
respor^se lime for contrast, so although it is brighter £uid has 
higlNM runtrast thiui the HP 18S/SX display, h takes longer 
for pixels to turn dark. Thus, much of the w^ork to reduce 
fade in moving cross trairs was carK^eleii out by the new 
screen cliaracteristics- The us«^r can darken the dist)lay by 
Itolding down tlie ON key and prer^sing f lu" + key a lew limes, 
and this will make tlie moving cr<iys hail's easier to see. 

Tracing along a graph with the cross hmi's presents a chal- 
lenge hecanse tbe nser's fnnc^tion must be evaluated at every 
point, so in effect the system RPL [irogranmwr must turn 
control over to the user al each point of the graj^h. Tliis re- 
quired careful attt^ntion to r^rrr>r handling and to managing 
the data stack, which is a stuued resource. The procedures 
for tracing vary with the different plot types. The proce- 
dures are kept in the property list associated with each plot 
type, and then the a[ipropriate procedure is passed in and 
evaluated when fraci^ mode is tunied on. II rtHiuired iiuite a 
bit of rewriting to implement this object-oriented, extensible 
apprtjaeli benatise much of the existing cross hair code had 
previously undergone rewriting and optimizing for speed 
and code size. 



Animation 

The ANIMATE command Ls a program thai was easy to WTite 
and dial die user could have written in user-RPL program- 
ming language, but we added it for the sake of convenience. 
Also, it is used as part of \-sMce 3D plotting. It sets up a loop 
that repeatedly puts graphics objects into (lie PICT display 

A quick way to gel started with animation is to press PICTURE 
to go to die interacti\^ graphics enviroimient, where you 
will be al>le to create some pictures to cintmate. Press EOIT^ 
then DOT+ to turn on tile etch-a-sketch-siyie draw^ing nimle in 
which pixels are lumed on wherever you move the cross 
hail's. L'sing the up, down, left, and right arrow keys, sketch 
something, then press STO to send a cot>y of your picture to 
the stack. Continue sketchittg. press STO again, and repeat 
this procedure, contirvuitig 10 add to your sketch until you 
have a handful of pictures on the stack, say six of them. 
F^ress CANCEL to leave the PICTURE environment , and you will 
see the fhepieiure ol>je< i^^ sitting on ihe stack. They are 
called GROBs, which is shnvi for graphics objects.'^ To use 
the ANIMATE conunand, all you have to do is enter the number 
of GROBs (for example, press 6 then ENTER if you created six 
pictiues), then press the ANIMATE key. which you will find in 
the GROB submenu of the PRG menu, Youi series of sketches 
wih come to life as tlie ANIMATE conmtand flips thi"ough 
them. 

Mathematics 

Several new mathematical features were added to meet the 
needs of the educational market anri lo nuitch or exceed 
corresponding features recentJy introduced by our comt>eti- 
tjon. Desigi^ trade-offs made ft ir and inheriteci from earlier 
less cai>alile jdatforms were recojisidered, ajid relevant soft- 
wiue develofied f<jr earlier niaf^hines Imt not used in tlie HP 
48S/SX was used wherever approfiriate. 

Design and Emplenientatioo Issues 
The Hi' 18G/GX is targeted at the college-level mathematics, 
science, and engineering educational market . Wc^ liopet 1. 
idso, to achieve more success in liigii sciiool advanced 
placement c<jurses. In these en%irottments caJculat.ors ar^^ 
1 1 se( i as in^i lagc Jgi c*al t t>o i s , i 1 1 1 istral i n g n md i e mat teal ajtd 
modeling concepts introduced in Ihe courses. 

As a pedagogical tool, the calculator's accuracy and reliability 
are paramoimt design goals. Speed of execution is important 
but secondary to the valifiity of the computed results. To 
achieve liigh actniracy mid reliability the comiRitational 
methods needed t:o t>e mon^ nunieric^ally so)jhisticatetl tlum 
typiciil textbook nu^thoris. Tliis greater complexity is hidden 
from the casual user wherever possible, but made available 
to the sophisticated user so the methods can be tuned to 
their needs. 

One means of achte\ing niaxtmtmi accuracy and reliability is 
to read die euireni literature and 4'Dnsult with expert special- 
ists lo ()btain tlie ties! nu'thods, then implement those nieth' 
ods from scratch. We have employed this approach in tha 
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User Versions of Interface Tools 



AlthuLigii the primary focus of the new user interface for the HP 48G/GX was to 
enhance Dur built-in applications, it became apparent as the prDject progressed 
that calculator owners who program would want access to thR sarne capabilities 
to enhance their efforts. For the choose box, message bcjt, and especially the inpui 
form tools, the biggest challenge invoked scaling back the numerous features to 
produce simpEe user conimands that still offer customisation potential 

The message box command. MSGBDX, was designed to display pop- up messages 
with a minimum of fuss. Thus, it takes just one argument — the message string— 
and produces a word- wrapped normai-sized message bD)( 

The choose box command, CHDOSE, is slightly more cDmplicated. To enable but 
not require ilie same object-oriented use of choose buxes as the built-in applica- 
tions, the CHOOSE command accepts a list of items in two formats. In the simplest 
format an item is specified by a smgle object, which is displayed and returned it 
chosen. In the aJiemate format, an item is specified by a two-element list object 
Tbe first element is displayed in t^e choose box. and the second element is rBtumed 
if the item is chosen. 

for sinoplicity of the user interface, CHOOSE displays a normal-sized choose bo>i 
without the multiple-choice capability used by some built-in applications. 

The MSGBOX and CHOOSE commands largely follow the same interface specdica- 
tion methods as thetr system-level counterparts. This differs markedly ^rom the input 
form user command, INFORM, To maintain complete flexibility over all elements of 
form layout and behavior, the input forms engine takes three arguments for each 
label and thirteen arguments for each field, specifying such details as e>tact location 
and s^^e. display fornnai, and sn on. Added to that are global arguments for the 
form procedure and torn title and some other details. All together, an input form 
with four labeled fields requires BB arguments. While this amount of information 
is justified for the varied needs of built-in applications, it is an unnecessary burden 
for programmers just wanting to get some simple inpui frnm the user 

For the INFORM command, therefore, we developed an automatic larm layout 
scheme thai serves most needs, wdh options for further detailing. Basically, the 
(INfFORM input Form is viewed as a grid that is filled with fields starting in the 
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Fig. 1 . A [rustum ir>put f Drm craatad by inform, 

upper-left corner and proceeding from left to right and top to bottom. The number 
of columns in the grid is specified as one of TMFORM s arguments, and each field's 
width is determined by the width of its label and by the user-supplied tad width, 
which places invisibie tab slops within each cclumn to help elign fieEds vertically. 
A field can span multiple columns with a special field-expander specification, Help 
text and object type resErictions can be included for any held, but aren't required. 

Fig. 1 shows an ex.ampfe of a custom input form created by INFORM, Motice that, 
despite the relative simplicity of the input arguments, an input form with aligned 
fields of varying widths is presented This technidue for building input forms proved 
so valuable that it was used to create the Solve Equation input to^m, which changes 
according to the number and names of variables in the equation to be solved. 



past with success, f juI it can be tiiiie-consuniing, expensive, 
aiid riskj. 

Anol her e^pproach sometimes available is to consult standard 
computational libnuies used by the professional scientific 
community. Several such pubhc-domain iibnirics are available 
11 ml represent the current state of the art. hi some develop- 
ment cnviiomiients thes*" libraries caiT be used directly. En 
others, they can at leaKt provide liigh-qualit y met hfxls and 
iinijlenicntations that when Judiciously used facilitate ineet- 
iMg t iglit development schetkiles at low cost. We found tlie 
LAPACK librao^ of FORTR/\]sl 77 nimierical liiiear algebra 
subroutines particulaily helpful ui tiiis regard. 

As usual, code wim reused w^henever pcssible to acliieve 
timely and reliable i [implementations, hi adchlion to the 
source code for the HP 4HS/SX and its Equation [Jbraiy 
card, we had unplementarions dating from the HI* 71 Math 
Pac that were revised for the tIP 48S/SX but didn't fmd ROM 
space m tliat product. 

While reusing code, w^e took advantage of the HP 48G/GX 
CPU clock speedup and larger liA^l envlionmenf over the 
HP 48S/SX to reconsider some of our previous implementa- 
tion 1 1 ade-offs in an effort to achiev e greater accuracy, hi 



some cases we decided to em|:tloy more romputattonal effort 
and to store intenncdiate values in higher precision to 
acliieve more accurate results. 

New Mathematical Features 

Tile HP 48i;/GX hicludes many new mathematical features 
over tliose provided by the HP 48S/SX. These arc array 
nianipuiat ionsj adtiitional linear algeljra o|>erations, a poly- 
nomial rotit finder and related ojierations, two differential 
equation.s solvers and associated solution plotters, discrete 
Fourier transfonns, and financial loan ct>mpulalions. 

Tlie mray mkuiipulation conmuinds arc primarily pedagogical 
tools. These include a random array generator and conx- 
n lands to add or delete rows or cohunns of matrices or ele- 
ments of vectors, decompose matrices into or create matrices 
from row or colimm vectors, extract diagoutil elements fioni 
a matrix or create a matrix from its diagonal elements, per- 
foiTu elementar^^ row^ and colmmi operations, and compute 
the row-reduced echelon form of a matrix. 

We significantly improved and expanded ttie linear' algebra 
functhinalily of the HP 48G/GX over the HP 48S/SX. The 
determin^iiit, linear system solv^er, and matrix iiiveiler w^ere 
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revised to be more areurate through adflitionat computation 
and by storing all intermediate values in e3aended precision. 
We added a command to compute a conditioti numl>er of a 
square matrix, which can be used to measure the seasitivity 
of numerical linear a]gebni computations to roimding errors, 
a command to compute a solution to an underdetermined or 
overdetennined linear system by the method of least squares. 
cmmnmah lo comi>ute eigenvalues ami eigenvectors of a 
sqii;u-i* rnatrix, conimaiids lo compute the singular vaJue 
dec'oniiKJsititm of a geiieral matrix, and commands to com- 
pute i^Jaied matrix factorizadons and (tmclions, Th^je linear 
algebra conmiands accept both real and complex argimienUi 
and perform all intermediate computation and storage in 
extended precision. 

Tlie HP 48G/GX has commands to compute all roots of a real 
or cxmiplex polynomial, to constnict a monit^ polyiiomial 
from its roots, ajid to evaluate a iiolynonual at a point. The 
polynomial rrrot fuKier is a niotlincation of tlie HP 71 Math 
Pac s PFtOOT command, extended to iiandle tomijlex coeffi- 
cients. It uses the Laguene metliod with deflation for fast 
convergence and constrained step size and an alternate initial 
search strategy for reiiabiiity. 

The HP 4BG/GX has comtnar^ds to compute tlte discrete 
Fourier transfonn or the inverse discrete F'oimer transform 
of real or comjjlex tiata. These commands were leveragetl 
from the HP 71 Math Pac's FFT aiKl IFFT commands, requiring 
the data lengths to be a nonzero power of 2, and were modi- 
fieil slightly to match the customary definitions of these 
trans form at ions. 

Finally, we included tinte-value^f-money commaxids. These 
conmimids have appeared in our financial calculators mid 
weie available on t\w [IP 48SX Equation Lil>rar\f carcL Since 
engineering feasibility' studies n^ust include at least nulimen- 
Lary time-value-of-nioney cfmiputations it seemed iisefuJ tr> 
inckide these c*munands in the HP 18G/GX. 

Differential Equation Plotting 

The HP 4SG/GX contains two differential etiuation solvers 
and solutjon t>l(>tters. Tiiese solvers and sohitioii plotters 
cait l)e accessed via their itipnt fornis or invcjked program- 
matically \1a c^ommands. We provide a (irogratrntiatic inter- 
face to the differential equati*>n soK'ers ;md their subtasks 
so the tiser can use theni m\U t]w <*alcnlator's genera) solver 
feature to determine when a comt)uted differential etjuation 
solution satisfies some condition, or to implement (nistom 
differential equation solvers from their sublasks. 

In implementing the differential equation sohitii>n plots, one 
chidlenge was to idenlift' iuid implement good sr>hition meth- 
ods. Anotlier challenge was to merge this new plot t>iie with 
the new 3D plot tyj>cs descrii.)etl ciU lier luid with tlie existing 
HP 48SX plot environment in a backwimi-compatible niEumer. 

Tht^ IIP 48G/GX specifically solves the initial value problem, 
consrsting of finding the solution y(t) to the first-order equa- 
tion /(i)- f(t,y} with the initicil conditioji y(t^}) = y^. Here 
y'(t ) denotes the fii'st <imvaiive of a scalar valued or vector- 
valued solution y wild n spt'<i lo a sr^iliu-valutKl t*aJ"ameter t. 
Higlter-orderdiffcremial equal ions can h*^ t^xpre.ssi-d j^^sa 



first-order s^'stem, so this problem is more general than it 

niighi at first appear. 

Many solution methods hB\-e been developed over the years 
to solve the initial value problem. We decided to implement 
two methods, a Rimge-Kutla-Fehlbei^ method for simplieity 
and speed of execution and a Rosenbrock method for reh- 
ability. The fii^t method is easier to use, requking less infor- 
ntadon from the user, but can fail on stiff problems,* The 
Rosenbrock method requires more information from the user. 
but can solve a wider sel€»ction of initial value problems. 
Both initial \^ue problem solution methotis require the user 
to provide the function f(t,yj, the initial eontiitions, tlie final 
value of t^ and an absolute error tolenmce. The Rosenbrock 
method also requires the deriv"ati\e of f(t,y) with respect to 
y (FYY) and the derivati^^e of f(t,y) with res^pect to l (FVT). 

All plot vyp&s use the contents of the variable EQ, typically to 
specify the function to be plotted. IF tiie user selects the stiff 
[I?osen brock) method the extra fimctions are pa^ed to the 
solver by binding EQ to a list of functions fft.y), FYY, and FYT. 
Othen\ise. EQ is l>ound to tlie function r(t,y) needed by the 
R u I ige- Kutta- Fell I be rg m et h ( k\ . 

Both metiiods solve tJie initial value problem by computing 
a series of solution steps ft-om the initial conditions tow^ards 
the final Milue, by default taking steps as liu'ge as possible 
subjeci to maintaining the specified error tolerance. The 
solution plotter plots the computed vahies ai\d by default 
draws straiglu lines between the plotted points. However, 
alihougli the conii>ut«HJ steps may be accurate, the line seg- 
nienis drawn b<;^tween the ste[) endpolnts may poorly repre- 
sent the solution between those points. Tlie plot parameter 
RES is used by majiy |ilot tyjjes to control iht* |)ir>t resohition. 
If RES is zero tiae initial value problem solution plotter im- 
poses no additionai limits ou the step sizes. If RES is nonzero 
the plotter limits eac:li step to have maximum size RES. 

For tlie scaliir-valued iniii^il value problem it is typical to 
plot the contfjuti^d sohttioti y(t) on the vertical axis and the 
parameter t oti ilip Iiori/ontal axis. However, in the vector- 
valued case the rhoire of wliat is iu lie plotted Is not as 
clear, 'Hie user may wish a piuiicular com])onent of the com* 
puled solution plotted versus t or may wish two components 
[>lof!t^d \'erNiis iKivh of Ken The 111* 48G/(.iX allows the user lo 
S])ecify the comj)UUMl stiitm" solution, any component of the 
computed vector solution, or tlie jjajaitieter t to be plotted 
on either axis. Tlus flexibility was introdticed into die plot 
environment by expanding the AXES t)lot jjanuneter Pre- 
viously, this parjuneter speci fief 1 ilie coorfiinales of tlie axes 
origin. This panimeter was expanded so tliat an <Ji>tionaI 
form is a list specifying the origm and the ht>rixontal and 
vert ical pi o t c o m ] >oi len ts. 

By juchciously expanding the meaning of the various plot 
parameters we were able to accommodate the diffeiential 
equation solution plot type while maintaining backwai'd 
compatibility with previous plot types. 



Stiff problems lypically have solution components wrth large dEfferencef m Hme scale More 
inlmmaiiari k needed bya snivur to compule a soluiion effidtjntiv 
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HP-PAC: A New Chassis and Housing 
Concept for Electronic Equipment 

HP'PAC replaces ttie familiar metal chassis structure with expanded 
polypropylene lEPP) foam. Large reductions are realized in mechanical 
parts, screw joints, assembly time, disassembly time, transport packaging, 
and housing development costs. 

by Johannes Malin, Jiirgen Haberle, Siegfried Kopp, and Hm Schwegler 



Business competition between PC aiid workstalion manii- 
facturers lias resulted in shorteneri life eycles for eoniputer 
products, faster deveiopnienl and production times, and 
steadily decreasing maiket prices. Tlie Hewlett-Packard 
l^iJblingen Majiufarlimng Operation arid its Mechanical Tet:h- 
nology Center are faced with this trend, along with otJiers, 
such as tightened enviromne^ntal protection guidelines and 
lake-back regulaf ions. 

These trends call for new concepts — envtronnieiitally 
friendly materials and matching inaiiufarturing methods, 
Assi^nibly imd disassembly times ibr computer ]iroducts 
have to l)e as short iis possible, i\ssembly analysis of some 
HP products cleiu'ly showed the necessity to reduce pails as 
well as to improve manufacturiniEj and Joining techniques. 

At the Mechanical Technology Center, these obser\'atioiis 
pnnided the motivation to Itjok for a new packaging and 
iisseinbly concept for computer products, one that would 
leverage existing techniques and incorporate new techno- 
logical ideals. 

Our objectives were lo reduce the number of t umpoueniH 
and the numlier of different part mmibers, to acliieve con- 
siderable savings in ihe area of logist ics and adminisiniiion, 
to siive time in buihlttig a chassis, to automate the riiomihng 
of tjaits on the chassis, and to reduce overall chaissis costs. 

Genesis of an Idea 

After we tiad critically weighed aE of the lechnrikigies 
kno\\ii to us — nanu^ly, producing enclosiues and chassis of 
sheet metal or plasiics^ — tJie only reduction potential 
seemed to lie in nnitning the mimber at parts and using 
snap fits lo save on fasteners and assembly times. 1 lowever, 
in contrast to our f. expectations, we could not do this to the 
extent we had in mind. 

Using snap fits is a disadvantage, since disassembly is tJme- 
consuining iind can lead to destruction of the components 
or the enclosLU-e. hi the fi^iture, enclosures not only tieefl to 
be assembled quickly l>ut also need to be tUaasstHubled 
within the same iunount of time to make recycling easier 
and ch€*apen 

We could not get out of our inintis the idea of fi.xJng p^uls in 
such a way that they are enclosecl and held by their own 
geometrical fonns. The idea is simihu' to children's toys ihal 



require them to put blocks, sticks, ^-iirds, or pehbjes into 
matching hollows and at the same time keep track ori>osi- 
tions and maintain a certain ortier at any time during the 
game. We api)!ied this idea lo our problem and Uiought 
about how our game collection would have to look in terms 
of composition and performance for us to be able to pack- 
age and msert, components for a workstation. It seemed 
most feasible lo apply this idea at the assembly level, that iSj 
to use the new method to fix conventional assenibhes such 
as the disk, speaker power supply, CPU board, and fan- 

Tlie only problem was what kind of material could we use to 
realize this idea. How could we aclneve a form fit and not 
compromise on tolerances, feasibiUty, and price? Not to 
condemn the idea almost seemed impossible. It became ob- 
vious that we (^ould nc j longer use convcnlional methods and 
stiuulards to find thi^ ideal material. We were forced to deal 
with a completely differ'ent neltl The solution seemed to be 
to jettison everything we liad Iciimed before iuid dired our 
oriettiatiou towmds sunuHhitig tot^illy new, 

The material we were lootdug for had to be pUable and 
bf>uncing — like foam, for example. Could foam be used for a 
ffu'in fit? 

Raw Material Selection 

Afler the idt\i hrid hi 'en born to use foam, we started our 
search for a suitable material. The goal was to embed all 
components nece.ssaty for' ai^ eletlronic device in one chassis 
made of foiun syntJietic* material. We had t»lenty of materiai 
to choose from, incluthng jjolyuretlnme, polystyrene, and 
I)olypropyieric. The material had to be: 

• Noi^( conductive to bold and protet^t electronic components 

• Able tt) hold lolerantvs in accordanc*e with HPstandarfls 

• Able to fix conij>**tients without fasteners. 

With the help of oui^ internal pac-kaging engineers aiid an 
exti'mal suptilier we soon fomid a suitable material: ex- 
paruled polyp rotiylene (EPP) with a dtmshy of 6€ g/l. 

In comparison to other foam synthetic maleriah EPP has the 
fo 1 1 o w i n g advantages : 

• Exci^lleni mechatucal long-tenn behavior 

• .Moisture resistance 

• Resisiance to chemicals 

• Heat resistance 
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Fig, 1. Parts required for a workstation using the exisUng packaging 

♦ U)OK> recyciabilit>; GniiiiJcs produeecl ftoni recycletl EPP can 
be Liscd for maiiiifaci uriiig otiicr parts such as packaging 
material and shock absorbers. 

EPP foajii parts can be produfed in densities of 20 to 100 g/1. 
Lower density provides excellent shock absorption, wfiile 
higher density offers tighter manufacttiring tolerances. Thus 
design trade-offs tire possible. 

From the Idea to a Worlcstation 

The next step was to apply this new concept to an already 
existing workstation. One workstation seemed suitable for 
the conversion. Tlie existing coacepl (sec Fig. I), consisting 
of sheet-melal chtiasis ft op and IxjJlani), electrical compo- 
nents, sheet-nietal enclosiu'e^ EMI linen and plastic parts, 
was transformed into a foam chassis, electrical components, 
sheet-metal sleeves, integrated EMI liner, and modified plastic 
pmis (see Fig. 2). In the new technology, all of 1 lie compo- 
nents are held by their own geometiy m form-rming spaces 
in the foam chassis. The connections betw^een tJiem are 
acliieved through cabling held in foam channels (Fig. 3). 

Time was saved by processing the foam chassis, the sheet 
metal, and the plastic patts in partillel. To obtain the foam 
parts tjuirkly, we rejected the ordinai-j^ way of creating 
draw j Jigs vvilh the help of a CAD system and uistead created 




Fig. 3. niianneLs in flip fbarn cany eot>li!ig air (showiO md t:ahling. 

a 2D cardboiu'd layoiit showing tlte placement of the compo- 
nents, A packaging company placed tlieii^ sample tooling 
shop at our disposal for a few days. The first protot>^>e was 
i>uM( slep by step. We milled, cut, and glued, applying a lot of 
inmgi nation. 

After two days the first prototype was nearly finished. Com- 
ponents were iixed in the necessary form fit and we were all 
aware that we had taken a step in the light direction. Back 
al MP we made a few minor clianges to the EPP chassis atul 
the remaining enclosure with llie help of a knife and fii\ished 
the prototype. 

The m^uor question now was, "^Will it run?" We ran software 
on the workstation and startjed testing, surrounded by our 
production staff. Tlie programs worked I 

Next, temperature, humidity, and emironmental tests were 
perfomied. Temperature pT'oblems were c Directed by alter- 
ing the ah- chaimels through cutting and gluing. HP chiss B2 
environmental tests were passed (see lable I and Fig. 4). 



Fi^. 2, Pans requinsd tor the workstation of Pig. 1 using the HP-PA( ' 
concept 
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DEVICE UNDER TEST 






DEVICE ONOER TEST 
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Fig. 4. Irapaets traiismilteci tci a \mrd disk drive by HP-PAC foam, [ri (a) £truJ (c) the sensor is on the worksiaiion, Jji (b) aiid fd) Lhe sc^narir 
is on the hart! disk drive heir 1 1 ^y MP^PAC. 



Fig. 4 shows tlie impacts transmitted by HP-PAC to a hai-ct 
disk for two differf^nt type.s of slmt^ks (half sine, trapezoid }. 
Tliese impacts eoiild he iiuidniijitMl hy f jptimiziog tlie design 
of the supports and foun fits for the devices. 

Savings and Advantages 

CcjmpaiistHis were drawr^ iH-tweeri a tnuHrirHuil HP work- 
station and an HP workstation in wliicli the system compo- 
nents such Bs the CPU board, disk dnve, and tlexible disk 
were nieclianically integrated using the HP-PAC concept. 
The IIP-PAC workstation showed: 

• A 70% reduction ir^ housing mechanicitl pails 

• A 95% reduction in screw joints 

• A 50% reduction in assembly time 

• ASOW^rednrtifjii in disiissembly tijne 

• A 3ffX»redurtinn iji tr!:mspt)rt packaging 

• A 5CB^» reduction in time and expenditure for the niechanical 
development of the housing. 

Compared to convenlional chassis concepts, lIP-PAC's 
ad\ aiuages include: 

• A rethiction in the numi>er of chassis parrs. 

• Sep ar a lion t>el w c c i i f u 1 1 c t ion a 1 i ty an d i nd ust rial ( 1 es ign . 
The external enclosure is designed after detlnition of the 



mechanical interfaces between the enclosure and tlie chassis 
and between the enclosure and the components. 

• (Jnc production step to produce molded paits. 

• Simple, fast, and cost-effective assembly of the components 
(see Fig. 5). The assembly process is almost self-eKphuiafory 
as a result of the indentations in the molfled parts, aiul no 
additicjnal joijiing elements and asst^mbly tools are necessary- 
Assembly at the dealer's site is feasible. 

• Reduced product mass because of the tighter chassis, 

• Good protection againsi inechimical shock and vibration, 

• On-lhe-spot coolijtg of components as a re.sult cyf air i hanncis 
in the foajii. 

• Cost savings ciuring almost all workinj^ processes. 

• Reduced t raiisptjn packaging a^ a result of the good absorp- 
tion of the chassis material. Also, less transport volume. 

htipa^'l on the Development Process 

VVi L 1 1 1 1 P-PAt .a 1 ( H f h\ re c yclabie an den \ ironm c 1 1 lal ly 
fiiendly material is used for the constnic t ion of the c^IulssLs. 
Development {if a ciuissis nnly means spalially arranging 
componenis whhin a molded part atui adhering to certain 
const nictitJu guidelines (function- and product! on -specific J, 
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Fig, 5. 1£P-PA(" wtjrksliition asKttmbly sequent*, (a) Foiim bottom chassis, (b) Loaded Ijoiloni vimms, (t!) Partially J£»a(lciJ kmn lop t^liasais. 
(d) Open loaded rhassis. (p) Assembled loaded cliaiisis. (0 Lower enelc>sure added, (g) Upper enclosure added, (h) Knclosure conipleted- 



The external enclosure is devebped separately after defmi- 
tion of tlie intprlaces. There are hardiy aiiy K jleimiee pral>' 
lenvs as a result of niatenal tlexibility. Cliaiiges are simple to 
perform by curt jrtg. gluing, euid additional grinding so aji 
optimal solutioji i an be reached quickly. 



It is possible to perfonu all relevant en viroTi menial tests on 
the fii^t pr0iot>pe. Protoiyi)es can also be used for the fi ["st 
fimctlonal tests. It is relatively simple to make cluinges dm- 
ing tlie tests- since industrial design ^md functionality are 
clearly separated and changes on iJie molded part can be 
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performed ui tiie lab. Once the design is complete, mamifac- 
luring of the molding tool is fast and cost-effective, and tool 
changes are not required. 

Tlie result is a short, cost-effective chassis development 
phase. 

Materia] Development 

J1P-PA(" i)lace5 ivigh denuiiids, some of which are new. on 
the material used, Ejspandetl polvi>rnpvlt-ne rubers tliH-.t^ 
demands in almost all ways. 

So far EPP has been mainly used in reusable packaging and 
to an increasing extent in the automobile industi>^ where 
bumper inlays and side inipacr c\tshions for car doors are 
ty-pical appiicaiions. TraditiotmHy the automoi>ile !>usiiiess 
has placed high demands on the quality of components. In 
terms of precision and long-term behavior tJiese demands 
are identical to those of HF*-PAC. 

However, the situation is somewhat different for two new 
HP-PAC -specific material requirements: ESI) (eletirostatic 
discharge) suitaijLlily ami flame reUirrlmtt i)roperties. We are 
working witli raw malerial mamifafUirers in the LlS.A.. 
Japan, and Gentiany to develop optimym raw material for 
IIP-PAC in the medimu tmd lot>g lena. For the short term, 
procedures had to be foiHic! and checked to meet these de- 
niimds, hi lenns of BSD suitability tl\is meant spraying or 
ditiping parts in an antistatic solution. A suitable flame retiir- 
dant was developed and patented together wi\h a c< tmpany 
specializing in Oame retaidants. Like pkistic molding, treat- 
ment with flanio retardant places an additional bunien on 
the en\ironment and imj)aii's recyclabilily. However, a good 
product design renders flame relarcianls tmnecessar>^ Three 
prototyjie liP-PAt' products wiilioul flame retardaJit already 
have UL/CSA and TUV approval 

We expect that the incentive for supplien^ to develop suitiible 
raw maleriaJs will steadily increase as thc^ number of prod- 
ucts using HP-PAC grows. Tims, in the future we hope to 
have cusiom-made materials avEiilabie that will allow rurtiier 
in iprovemenls in quality at reduced cost. 

EPP and Its Properties 

EPP raw material is available on a worldwide basis. Some 
EPP manufacttjrers and their trade names for EPP are JSP 
ARPRf), BASF NEOPOLEN P, aJid Kaneka EPERAN PR EPP 
comes in the fonn of foam polypropylene heads. Its chemi- 
cal classiflcaiion is m\ (jrganic polymer, one of the class of 
ethylem* polyi)roj>,vlene ctjpolymers. 

EPP contaias no softeners and is free of CFCs^ The product 
does nut emit any pollntion, t'orti pressed air, steam. ;md 
water are used during the molding process* According to 
otie EPP maiuifat^turer, no chemical reactions take place 
during this process. 

The specifications quoted lie re are for tJie ,fSP raw material 
we use<l. EPP from other manufacturers shouid vaiy only a 
little or not at all from these specifications. 

Mechanical Properties. The following list shows the relevant 
luechmiirMl prnprrlies of parts nuide of expanded polyiirtv 
pylene foani wit ii a density of 60 g/1. 

iH'Msify: tiU^l 

Tensile strength: 785 kPa 



Compressive strength at 25% deformation: 350 kPa 
Residual defonnation after 24 hours at 25% deformation: 9% 
Deformation mider static pressure loaii (20 kPa): T2% 

.Mter 2 days: 1.3% 

After 14 dam 1.4% 

Tliermat Profierties, .^er the molding process. Ihe parts are 
tenii^ered so that the dimensii:»ns he<*oine consist em. Any 
funher lemperaiure influences will not result in significant 
contraction* expansion, or changes of mechanical properties 
between -40°C and llO^'C. The coefficient of thermal expan- 
sion is 4.2Kl(r-''*rC from -40^r to 2CFC and 7.5xl(r*Vc from 
20''C to SO^^C. Thus, a HKVnrm length of foam at 20''C will be 
100.375 mm long at 7QX, 

The n^terial changes stale alK>\e 14D-C\ Thermal dussolntion 
occurs at 200^C and the ignition point is 315-C. 

There was no permanent defonnation in a temperature loop 

test consistitig of: 

4 hours ae 90^(' 

0.5 hoiu- at 23"C 

L5 hours at -lO'^C 

0.5 hour at 23'^C 

-3 hours at 70^C' and 95% humidity 

0.5 hoiu- at 23^C 

1.5 hoiurs at ^10°C 

0.5 hour at 23'^C 

Electrical Properties. EPP has good elecirical insulation prop- 
erties. This means tliat U\e foam parts caii easily acquire an 
electrical charge. Consequent iy, methods are being devel- 
oped to produce antistnTif^ EPH There is no noticeable inter- 
ference between EPP material and higli-frequency circuits 
with square-wave signals u[) lo H)0 MHz. Tests at very high 
frequencies ( > 100 MHz) have not yet been conducted. 

We can infer from solid polypropylene some of the electrical 
properties of expanded fjolyj^ropylene; 

• DLssipationfattorof irOection-inolfied EPP at I MHz: tan 
<r>xHH 

• Breakdown voltage of injection molded EPP: 500 kV/cm 

• Surfact^ resistance at 23 C atul 40% rt^ative humidity* 
untreated: 10^^ to 10^^ olmts. 

Chemical Resistance. EPP has good chemical resistauce be- 
r;iiuse of" ifs iioufjolar (lualities. It is resistant tcj flihtted salt, 
acid, tutd alkaline sohitions. EPP can resist lye sohitions, 
solvents at foru-entrations up lo iMy¥>, and alcohol. Aromatic 
atid halogenated hytlrocarbons fonnti at high temperatures 
in grease, oil, and wax cause it to swelK Wlien EPP is mixed 
with other substances, dangerous chemical reactions do not 
take place. 

Reaction to Light En general. EPP is sufficiently resistant to 
radiation at the wavelengtlis of visible light. 

Reaction to Humidity and Water I ltnTii<li(y li:t.s little or no effect 
on tlu* niccfiani( al incipiMites of KPP Walcr alisoipOon is 
0. 1% to 0:Mi by volume after one day and O.C?M after seven 
days. No changes are visible lifter 24 hours in watcT al 10'^C. 

Manufacturing Process 

The raw material lieads iwe ii\jcc*tctl in a t>reeom bust ion 
cliiunher at a fuessure of approximately 5 bar wluch reduces 
tlie pellet volume. The heads are then injcrfcd inio Ihe mold 
at a pressure of appro xiniately 4 htu' inHil a |>cOti( iikir OlUng 
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ratio is reached. The pressure in tiien reduced to nomial so 
tJiat the heatls c-in reexprnifi aiKl lill Oie mold Onre flit^ mold 
Ls filled, steaiTi at ISQ'T' is iryetled into the mold tliruugli 
nozKles, \vtimiiiig the surface of the beads and fusing them 
together. This defines the fo^mi (>art, which is left to c*ool 
down and then retiio%'f^d from rhe mold. Suljftc^qijeot ly. by 
means of specifierl if^nifjoratiuT' cycles, controlled maturing 
arid diJiiensionaJ chan^c^s -die ijiduced in tJie part, resuiting in 
its final fomi. This form remains constant within a specified 
temjjeiatiire range. 

Recycling of EPP 

Polyproj^ylene foatu materia] can be ret^eled and used for 
man n fact uring of other products. Manufacturers t^f polypro- 
pylene l^ake back EPP waste free of charge. 

EPP can l)e n^etjt-d and fed back into source material pt>ly- 
propylene in tliernioplastic foniL Compression, nieh ing, and 
granularioji take place m gas exi rudei^. Tlu^ extnuied re- 
cycled material can be used for pol>TDropyleue injection 
molded or extmdcd products. Recycling trials with a bimiper 
system made out of shoil glass fiber (approximately 20'Kk of 
weiglit J. EP nibber fapproxiiualely 2TO of weight ) and poly- 
propylene produced a giaiiule that can be used for t omplex 
ir^jecrion molding. 



It goes without saying that we will continue to develop the 
technology further. Efforts in which we iwe cunenil>' engage 
it>g are material developmenf , t>rotoiype manufacturing, 
quality assurance, and marked ng of flP-PAC. 

We have not yet set any specific hniits on user distribution. 
Possible aieas for user application range from Ihe electronics 
and electromechanical in<iustrics to home electronic equip- 
ment and Iratisjioriation. At the Mechrmical Tet Imology 
Center, we ufier various semces ranging from consulting to 
complete solutions, not only for HP-PAC hut also for sheet- 
metal and plastic iiajts. We have exijerience in tJie computer, 
analytical, anci itiKinunent businesses and are in contact 
witli others. 
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Conclusions 

To protect the IIP-PAC t.e(*hnoiog.v in aji appioiuiate manner 
we have hied Ibr a patent utitler Eiu-opean jiatent apijlication 
number 0546211. 
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High-Speed Digital Transmitter 
Cliaracterization Using Eye Diagram 
Analysis 

The eye diagram analyzer constructs both conventional eye diagrams and 
special eyeline diagrams to perform extinction ratio and mask tests on 
digital transmitters. !t also makes a number of diagnostic measurements 
to determine if such factors as waveform distortion, intersymbol 
interference, or noise are limiting the bit error ratio of a transmission 
system. 

by Christopher M. Miller 



Tlie goal of aiiy traiismission systeni is to deliver error-free 
iiifomiatioD reliably and economically Irom one loratioi} to 
anotlier. Tlie probability th^il any Int in the data stream is 
received in error is measured by a bit error ratio (BER) test. 
This test is perlbmied using an error pcrfonnance anal^Tien 
commonly referred to as a BER tester or BERT. Generally, a 
ps€nidorandonT hinaiy sequence (PRBS) from a|>arieni gen- 
erator is used to modulate the rraii,sjt)lssion systenvs source, 
while an error detector conrijar'es t lie received signal with 
the original I ratusmitfed pattern, Tlte BER is defmed as Ute 
nuinljer of bits received in error divided by the number of 
bits iransniitted. wliic h tM|uals the error coiint in a measure- 
ment period di\idetl by the product of the bit rate and the 
measurement period. 

In i^encTJiL BERT meas\ireinents lend to be fjass/fatl in 
naturt% iind convey ver>" little in! or [nation about a lailure. 
Moreover, some additional tests art* usually reijuired on 
components to ctisiik^ thai t[n\v wiil nu^'t the desired BER 
when they are installed into a systeni. For these* nusoiVN, it is 
desirable to perform a number of parametric nieasiirenient^ 



on the transmitted waveform in the time domain. T^iileaUy, 
an oscilloscope or iu\ eye diagram analyser Is atltied to the 
BERT system as shown in the t>ijical opticttl triuisniitter 
measurement setup in Fig* L 

The pattern genei^tor is still used to pr(]\ide the stimuhus. 
Different time-domaui displays can be obtained depending 
on the choice of the trigger signal W\\en the pa! tent trigger 
or frame provides the trigger signal, a stable jjortion of the 
pattern appears on the display. W\\en the clock frequency is 
used as a trigger sigjial tlve data tJanern wavelVjnn, superim- 
posed on itself, produces a waveform display that is referred 
to as an eye diagram as shown In Fig. 2a. In geiierat, the 
more open the eye is, the lower the likeliho<id that die re- 
ceiver m a tninsniission system may mistake a logical 1 bit 
for a logical bit or vice versa 

hi an effort to standardizt* tlie high-speiul t eIi*c*OTtimunicatif>n 
systems that are lieing tlevelot)ed iind ileiiloyed, standrU'ds 
have been adopted for e(jiupment nianufacturers and service 
pro^'idera. Two such standards are the synchronous opticaJ 
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network (SONET), a North Anieriran sEaiidarri. and tiie syn- 
chronous digital hienirchy (SDHj, an inteniational standard. 
Both staiidaid^ axe fortiigh-caparity l1b<.^r-oplk' traiisrtiission 
and have similar physical layer definitions. These standards 
define the feahues atid fiinclionahty oJ' u transpoil system 
based on jjrhu'jples of synthrojious multiplexing. The more 
widely used transmission rates aje 155.52 Mbits/s, fj22i)8 
Mbits/s, and 2.488:32 CiblLs/s. 

One of the goals of the standards is to provide "mid-spma 
meet" so that equipnient front nndtiple vendors can be used 
in the same tciecfjmnmni rat ions link. The stimdards specify 
f^xtitulion ratio and eye mask itieiLsurements on the ti^aiis- 
niitted eye diagram to hel[> ensure liiat transmitters from 
various vendors arc compatible. ' - Tlie eye diagram shov^Ti 
in Fig, 2a is from a laser transmitter operating at 2, 18832 
Gldts/s. h sliijws I he characteristiclaser tam-on overshoot 
and riiiging. 

Eye Diagram Cliaracterizatioii 

.4n imponant specified test li^iraineter for tliese transmis- 
sioji systems is tlie extinction ratio (ER) of tlie eye diagram. 
It is ryijicaUy defined as: 



KR = 10 log 



PjlVg(]clgir t) 

PavgLbgkOj 



wh^re P^vgtiagir 1 J is the mean or average optical power level 
of the logic 1 level and P^.s^^i j^gjc o) is the mean or- averagt^ 
optical power level of the logic level For SCJNKTySDH 
transmission systems, the minimum specified extinction 
rafio is 10 dB. In some causes, the extincdon ratio is ex- 
pressed as tlie lineai^ ratio of the two power levels. A goorl 
exdnt'tion ratio is desired in these systems to maintain an 
adequate received sigiial'tf>-nt)ise ratio. 

Although the definition of extinction ratio is relatively 
straiglitforward, the measurement methodology to fleter- 
niuie the memi logic levels is not specified hi the standards, 
sucli i^s SDII standaid G.ri57. Tlie liistogram imd statistical 
anaiy.sis capability of diginzing oscilloscopes ctui be used to 
determine ttie mean and standaid deviation (sigma) of a 
wavefonn. However, there are no standaid criteria for set- 
ting tJ\e windows and limits for the collection and evaluation 
of tlie data to detennijie the mean logic levels. 

The Teleconuiiunications Industry Association/Electi'onics 
Industiy Association fTLVEIA) has de%'eloped a rcconunended 
raeth<jd(jlogy for making eye diagram [neasurements called 
the Optical Fiber Standard Test Proceflure #4 (OFSTP-4);-^ It 
recommer^fls that voltage lustograms be n^ed to deterrtnne 
the most taevalent logic 1 ai^d levels of tlie eye |)a1tem 
measured across an entire bit period. Tfie 0FSTl'-4 also 
points out the importanee of remo\4iig any residual dc offset 
from tJie exTinction lalio meiisLuement because this cmi 
dramatically affect tiie measurement accuracy. 

Over the years, the designers of digital transmission systems 
have learned that the eye diagrmn should liave a t>ai1iculiu- 
shape to achieve a good BER> Often these deslgiiei-s have 
constnicted areas, or masks, inside and around the eye dia- 
giam. The eye diagram wavefomi should not enter into these 
masked areas. The polygons in i he center of tlie eye diagram 
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Fig. 3, Laser transniJtLer eye ^iiagrEni masks for SONET/SDH 
tra J Lstti issi rjn s yst i*ms . 



sho%v^a in Fig. ;i arul the lines at the lop and bottom corre- 
sponci tu the mask used to evaluate t^pticai Irtuiynutleis in- 
tended for iise m SONET/SDH systetii^s. Depending on the 
tmosniLssion Int rate, the size and shape of the mask cluiii^es. 
Tlie X amd y coordinates are specified for each In! rai e ami 
their relative positions ai'e Ijaseti on the nieaJi logical 1 level 
and the mean logical level. Tlie mask for the lower bit 
rates is a hexagon, whereas tlie mask for 2.48832-Gbitys 
tnuisniission is a rectangle, Tlie receiver bandwidth for the 
measurement of the transmitted eye cUagram is specified lo 
he a fourthHsrder Bessel-ThonLson response with a reference 
frequency at three' fourths of the bil rate. Ttns ensures a 
common reference bandwidth for trajismitterevalnation. 
Hardx^arc low-pass filters are commonly employed to 
achieve llus responstv 

To date, exLsting instrumerilation has been inadequate to 
design, build, and test optical ti-ansmitters sufficiently to 
meet the requiremeins of these tiai^smission standards in 
ceilain key areas, Repeal alile extinctitjn ratio measurements 
are often tlifficult t(j c)btain. particiilarly cxtijiciion ratio 
measurements of the low-power optical signals common in 
these systems. Easy-to-use mask compiiance testing, with 
default standm'fl mitsks that ainonuitically scale to the data 
would be a t'onvctnence. But. most signific^mtly, a tool to aid 
designers in fiiagnt>sing transmitted BER problems would be 
a mi\]or contribution. 

Eye Diagram Analyzer 

The ][P 715(dA eye diagram analyzer combines the HP 
70820A transition mialyzer mofJule."* the HI* 700O4A color 
display and [{laiiifnnne, and I he HP 70784 A eye fiiagram t>er" 
sonality. The personality is stored on a l28K-byte Rf)M t lU'd 
and can he dowiilo;ided into tlie histninient. The instnnnem 
can be used witJr a niuitber of optical ctrnveriers. Wlien liie 
eye diagram analyzer is combined with a pattern generat^>r 
such as a member of tlu* HP 71 WO family cjf ]»atteni genera- 
tors, a number of fonnedy difticuh transmission measure- 
ments cxm be ntade easily. Tiib instrument contiguration is 
shown in Pi^, 4. 



Fig. 4. Photograph of the HP 7 15(11 A eye diagram analyser witti an 
HP 71t]03B pattern generator s>'Steni. 

The operation of tJie HP 7 1501 A differs from th^i of a con- 
ventional digital repetitive sampling oscillosfope. As shown 
in Fig. 5, both instmments have microwave samplers to sanv 
])le the incouiijig wa^efonn l^efore it is digitized by an analog- 
lo-digital corn en er (ADC). A digitizing oscilloscope has a 
trigger input that is used to start a sample. In addition, an 
increnuMital delay is ad(!<*d lo the trigger signal so the sam- 
ples sli^]t duo ugh the input waveform. After many cycles of 
the incoming signal, a complete trace of the input waveform 
is constructed. 

Tlve sample rate of the eye diagrain miaiyzer is not deter- 
mined by an external tiigger, but it is set acctirding lo the 
fre<!iiency cotytent of the incoming signal itself As the in- 
c<iniijig signal is digiliiccd, il is analyzed to {leiermine an 
appr(Jt>ritT^te sanit>le frequency to down-convert it optimally 
into the inlennediate frequency (IF) section. 

As sho^m in the block diagram. Fig- 0, tiw HP 7irj01 A has 
two identiciil signal processing c^hm\nels which Ccin sample 
and digitize signals from dc up lo 10 (ilU. luf^TU signals to 
each channel aie sampled by a mi<'rowiJ\ c sampler at a rate 
(f^) between 10 MHz anri 20 MHsc. The s<mi|>le rate is depen- 
dent upon the signal frequency and \bv \y\w of measurement 
being made, Tlie outputs of the samt>lprs me ferl into the 
dc-lo-K)-Mllz IF sections, 'fbe IF secljcjns contain switch- 
able low-p£iss filters and stei>-g;iin am|iiifiers. The dc compo- 
nents of the measured signal are tapiied off ahead of the 
micrtjwave sampler and sunmied into the IF signal sepa- 
ralt'ly. The onti>uls of tire IF sections aie s;;un(>led at the 
same rate as the input signal aii<i then converted to a digital 
signal by the ADC's. 

Onc^e the signals are digitized, they are fed itito the buffer 
memories. Tliese buffers hold the samples mitil the trigger 
point is determined. The buffer memories make it po.ssible 
to view signals Lxefore the trigger event withoul nsuig delay 
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lines. By triggering on the fF signal, the HP 7 1501 A is able to 
Iriggcr internally ori signals with fundanipntal frequencies as 
high as 40 GHz. Once the trigger point has been detemilned 
anti all the necessai^ data has been acquired, the appropriate 
data is seat to the digital signal processing (DSP) cliips. 

An FFT is performed on the time data that is sent to the DSP 
chips. With the time data now converted into the frequency 
(ioinaiii, IF conections are applied to the data. The IF cor- 
rections compensate for nonidealities in die analog signal 
processing path, hi addition, in certain modes of operation, 
tlie nominal measurement 3-dB bandwidOt of 22 GHz can he 
extended to 4f) GHz by appl^ong RF corrections. The KF 
corrections compel tsale for microwave sampler conversion 
efficiency roU-off verstis frequency* Similarly in these 
modes of operation, user-entered corrections or filtering can 
be apphed at this point as frequency-domain mult iph cation. 
As we will see later, tliis is a very t useful capabihty. Finally, 
tlie inverse FFT is performed. 



Fig, 5, Siitiplified ardiiteclui-al 

comparts Dii uf the eye diagram 
iin^Uyzer (a) and a coiiventioiml 
sampiing nadlloscope (b). 

Generating Eye and Ey^eiiiie Diagrams 

Fig. 7 shows iiow the HP 71501 A acquues data m the time 
domain iising a technique calleti hiirmonic repetitive sam- 
pling. The sample rate is set so thai successive sample 
points step Hu'ough the measured waveform with a specified 
time step. The sampling period, T^, Ls conipuied using ifie 
fmidamental signal period, tlie time span, and the nunU>er of 
trace points. T^ is set such that an integer number (N) of 
signal periods plus a small time increment (AT) occur be- 
tween successive sajnple points. For example, suppose that 
the input signal is a 10(J-MHz square wave as shown m Rg. 7. 
The minimum sampliiig period of the HP 7 1501 A is 50 ns. 
Therefore, 5ve cycles of the int>ut wavefomi tire skipped 
betw^cen samples. However, if the sample period w^ere set to 
exac lly 50 ns, sampling would occui' at t fie same point on 
eveiy fifth cycle, and no new^ information would lie gained. 
For a time span of 10 ns and the nmnber of trace jioints 
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Ftg* 6, Sinipiified block diagram of the eye diagram analyzer. 
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Fig, 7, Hamwnic repetitive 
sanipiiiig of a wavefonn. 



equal to 10 points, a time resolution or AT of 1 ns is re- 
quirerL For tliis time resolution, the actual sample period is 
50 as + 1 ns = 51 ns. Thus, at every fifth cycle of the itipul 
wavefonn the sampling point moves fon^^ard 1 as, and after 
fifty c;ycles of the input wavef<jrni^ one comptete trace of the 
in|>ut signal would be displayed 

With the signal frequency set equal to the clock fi'equency, 
I he HP 7 1501 A uses the process of hannonic repetitive sanv 
ijling to generate eye tliagranis siniilar in appearattre to those 
of sampling oscilloscopes. The eye diagram of a pseudoran- 
dom t)it seqiience (PRBS) obtained in tjiis manner is shown 
in Fig. 2a. Like the dL^^play of a conventional digit til sanipluig 
osrilloftc<ipe, tiie eye diagram is constnicted from samples 
of a number of bits in {he sequence, which are displayed as a 
family of dots when persistence mode is activated. The only 
relationsMp between the samples or tlots is their jjosition 
relative to a trigger tJoh\t, which is usually the rising or 
falling edgi^ of a clock signal. 

The HP 7 1501 A tLses a modified version of this same tech- 
nique of repetitive samptuig to t:onsti\ict tiic e feline dhi- 
graym of PRBS signals or any hit sequence whose pattern 
repeat.s. Pig. 2b shows att eyelme diagram of the same laser 



transmitter as Hg, 2a. In this mode, successive samples come 
froni flif same or ad,iacent bits in the partem. Tlie samples 
or dots in these eyehne diagrams can be connected, and a 
whole trace or portion of tiie bit sequence is displayed at 
one time. Wlien the display is in persistence mode, a number 
of ti-aces of different portions of the bit sequence are super- 
imposed, fomiing the eyeline dii^granu Tlie conliittious 
traces that make up the eyeline diagram convey much more 
information than the sampled smear of dots obser^^ed in the 
convent! onaj eye rUagtam. Tlie pattern dependent traces that 
make up the eyeline diagram. ;ls well as tJie bit tiansitions, 
ai'e readily seen. Mth the eyeline chsplay it is possible to ob- 
sene whether noise, intersymbol interference, or misinnich 
ripple is causing eye closure- 
When the UP 7160 lA is placed in Uie eyeluie mode, f^jgnal ^ 
set to the clock rate divided by the pattern length, and T^ is 
set such thai successive sample j>f>ints stcfi through the 
wavefonn j>atteiTi. AT is computed c^xaclly as before. For 
the example shouii in Fig. 8, the clock frequency is 1 Gllzt 
the pattern length is 15 bits, and tsim^i ^^ 06.67 MHz. For a 
time span of 15 ns and the number uf trace points equal to 
15, a AT of 1 ns is rettuheti. T^ cmi l^e computed to be Gl ns. 
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Thus, cvcr\^ foiiitli cycle of tlie pattoni, the sampling point 
niov€a forwEurl 1 n^. and ailer sixt^^ cycles of the paLLem 
wavefomi, one conipk^te trace of the pattern is displayed. 

Eye Filtering 

The cyelhie n^txle traces caii be filtered to remove the noise 
and nonpatterii dependent effects. As shown in Fig. 2c% tliis 
allows an enorniotis improvement in the ability to view tiic 
intii\idual traces. 7'lie reduction in trace noise and tlie im- 
provement in signai-tD-noise rado (SNR) avaiJaljle iiy eyeliiie 
niode are enabled by f unniig on the eye filter. IVace avemg- 
hig, a common technique to improve the SNR of time- 
domain displays of a stable pattern, cannot be applied to 
convent ioiuii eye diagrams because the averaged wavefoi-m 
would converge to the de or average level. 

For signals with patieni repetition frequencies greater than 
ID MHz, turning on the eye filter switches in a 100-kHz IF 
hardwaiT filter. This effectively reduces the IF isandmdlh 
fi*oni 10 MHk to I GO kllz. which provides a fixed 20-dB signal- 
to-noise ijnprovevrK^nt. However for most PUBS signals, the 
pattern repetition frequency is mucli less than 10 MIlz. In 
tills case, additional digital signal processing is performed to 
improve the SNR. In essence, a nmnber of samples are taken 
at each time record point in the measured waveform. Tills is 
accomphshed by sampling at a rate equal to or harmonically 
related to the pattern repetition frequency. For earli time 
point, the stmipies aie passed tluough a narrowband filter 
implemented with an FFT. Tu sample the next ti^ace point, 
tlie internal synthesizer conTrolling tlie sampling rate is 
phase-shifted a precise amount. This tjrocess is repeated for 
each trace point. The actual anionnt o\' noise reduction or 
processing g^iir\ is a fimcdon of the number of samples taken 
at each trace j)oini. From an operational stantlpoint, the 
amoimt of processing gain is represented hy an equivalent 
noise-filter bandwidlii. The btmdwidth of the filter inthcatcs 
the relative noise redut:t.ion nonnalized to the lO-MH^s IF 
bandwidth, j\s the effective baiKiwidth is reduced, the 
numl>er of samples increases, arnl the trace update rate 
gets slower. The follov^ing table sliows the SNR ratio 
unprovement im a given nmnber of samples. 



uLvalent Filter 


SNR 


Number of 


Bandwidth 


Improvement 


Samples 


10 MHz 


OdB 


1 


2 MHz 


TdB 


16 


1 MHz 


lOdB 


32 


500 kHz 


13 dB 


64 


250 kllz 


16 dB 


128 


125 kHz 


19tlB 


256 


62.5 kHz 


22 dB 


512 



The eyeline mode witli eye !lltering offers a significant im- 
provement over conventional eye diagram measm-ements in 
the ability to obser^^e low optical signal levels. Shov^^i in Fig. 
9a is the same laser trLmsmitter whose t>iitput now has been 
optically attenuated. This conventional eye diagrjmi display 
is of poor qualitj' Ijecause of inlierent sensitivity limitations 
and the inabihty to perform trace averaging on a PRBS wave- 
form. Enabling tlie eyelhie mode and activating the eye filter 
makes the eye diagram once again cleat ly visible as shown 
hi Fig. 9b. This function niakes it easy to observe signals 
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Fig* 9. (a) Conventional eye diagram of a low-level signal. 

(b) Eyeline ciiagrain of a lo\\^-level sigiiaj wath eye filtt^rii'ig applied, 

that tue only several niOli volts in amplitude, which is impos- 
sible to do with conventional high-speed digital saniphng 
oscilloscopes. 

An apphcarion of iJiis measurement capability is the obsen^a- 
tion of the eye diagram of a transmitted optical signal after 
the signal lias passed through a long length of optical fiber 
Because of the attenuation of the fiber, eye diagimns are 
oh en difficult to ohseiv^e in this uumner With tlie eyeline 
mode, U is possible to detemiine if f he chiriJ of the laser 
transmitter, tdoiig Mdth the dispersion hi the fiber is causing 
any w^aveform distortion. 

Software Corrections and. Filtering 

RF conections can be applied to extend the measurement 
bajuh^idth of the IIP 715t)L\ to 40 GHz while the uistrument 
is in the eyelme display mode, in which a imitjue mapping 
exists between the IF firequency and the input RF firequency. 
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Fig. 10, EyL'liiie dkigram nlth soflware filtering applietl Lind u^er 
t tirrt't-tioii table correspoiuiing ro a fourtlKirder Bt^ssid-Tlioni^on 
rP3pt)iise. 

Wlieii tlie JF signal is digi listed, an FFT is used to convert ft 
to the frequency doniain. The IF frequeruies are then tnapi^ed 
into the rorrespondlng i^F freqiieiuies, m\d live approjaiate 
correction is applietJ at each frequency. Finally, an mvei'se 
FFT is applieci to tlie resull to tiansfonn it back to tiie time 
doniahi. These sanie processing routines are a\^ailable for 
user-defined corrections or fdters. For example, this capabil- 
ity can be used to c^brate the eye Hue liglrtwave measure- 
ments by correcting for any optical converter roli-off. In 
atiditioH, it caa be used to evaluate eyeline diagrams imder 
different filtt^r response c ontJilioiis, 

As previously mentioned, tJne transmission standards require 
t hat the eye mask measurements be made in a receiver band- 
width that corresponds to a trmrtli-order Bessel-Tiiomson 
response with a reterenre frequency at three fourths of the 
bit rate. Harciware fittei's or sfieciid lightwave convert ei^ arc* 
often employi'tl (o a< hievt^ [Jiis. By using the nser conertiuus 
available in the IIP 7 1501 A, tht* ideid transfer function can 
be iniplemenied with a software lllten Tlie filtereti display 
shown in Fig. 10 was made with a software filter ajjphed 
t hat corresponded tn the ciesired ideal Bessel-Tliomson 
response. 

Up to 128 magnitude and phase points can be loaded as user 
t^orreclions. Shown in the low'er half c^f Fig, 10 is a portion of 
the user connection table lliat conespontis to the foitrth-order 
Bessel -Thomson response. This tabic of magnitude tuid phiise 
corrections was geneiaied directly from trace matfi functions 
that aie available in the W'P 71501 A. fhe linear portion of the 
phase has been corrected to remove the delay. Tliis billows 
the trace to remain m the same place when the cone<"tions 
are appbed. Software filters fur tlie m^or SON FT/SI HI 
transmission rates aie stored on llu^ Rt)M m**nioiy i ard. Tins 
capability could also be used to fleveloj) an ecjiudiKer nr f:jiior 
a specific response to impnwe the received eye diagram. 
Thus, the transmitted "equalized" eye diagram could l^e sim- 
ulated and oiiseiV'ed before the final hartlware equalization 
filter is constructed. 



User Interface 

.^ application-specific user iinerface was designed for the 
eye diagram analyzer. The goals of the user interface were 
to offer turnkey measurements that meet die requirements 
of the standards, to be easy to use, and to make the inter- 
face to the pattern generator as transparent as possible. 
Many of the specific measurements will be described in the 
next sections. One ease-of-use feattire is ihe ability to set the 
time base in bit unit inten'ais. instead of lia\'ing to ret-aJI the 
clock period to disf>lay (he eye djitgnnn. Time delay can also 
be se! in bit IntervaLs, which makes it convenient to scroll 
through the bits that ntake up the pattern^ A menu key, BEAD 
FAT GEN, is used to interrogate the partem generator It re- 
turns the clock frequency, the pattern lengtli, and the data, 
clock, and trigger levels, which are used to set up die display. 

Tlie eye cUagrain apidication program is written in IIP 
Insinunent BASIC and Ls downloaded into the host instru- 
ment, the HP 70S20A microwave transition analyzer module. 
Tiie niienjvvave iransition analyzer is iui extremely flexible, 
general-pur|30se instnunent that offers both lime-domain 
and frequency <loniain sigital analysis capal>ility.^ This versa- 
tile measurement capability Ls a^'ailabie sinmJtaneoiisl>^ with 
tJie eye diagrani nieasvnement capability, and is simply 
accessed through its own menu* 

Eye Diagram Measurements 

A numl>er of paratnetric measurements are often performed 
on eye diagianis to rletermine their quality. S< jme of die 
mort^ prevalent measurements include eye opening height, 
eye opening widdi, amphtude of the crossing level, jitter at 
the tiansition point, and tlie rise and fall times of tlie bit 
transitions. Fig. 11 show^s a number of Uiese measurements 
made* w^ith liie IIP 7 1501 A eye thagram imalyzer on a laser 
transmitter operating at 022. OH Mbits/s. The extinction ratio 
was deteniiiiied by taking a vertical histogram of the eye 
diagrani windowed over one bit interval /Vn algorithm that 
recursively aditists the limits for subset [U en I evaluations of 
the liist(jgram data converges on the most iJit^valent logk^al 
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Fig. It. Table yf t^yt' flJagronr paniinHni rneaiinrrments. 
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1 and te\' els. The peaks of \hG histogrBni are used to set 
initia! limits for tlie computation of die 1 and levels. The 
initial mean and standi aid deviation (signia) of the 1 level are 
based on histogram data above the relative 5f]% point of the 
peaks. Tht^ limits For the riext evai nation r>f tt>e hLsrogram 
data are set to the initial meaii levei plus or minus one 
Sigma. The new meati and sigma for the 1 level are then de- 
tDrmined, This process itemtes several times m^til the signia 
becomes small and the mean converges on the most preva- 
lent 1 level. The detenninalion of the ttiost prevalent level 
is based on the same algorithm^ except that the initial mean 
and sigma of the level are based on histogram data l>e[ow 
the relative -ify^j point of the peaks. This algonthm for deter- 
mining extint'tion ratio iias been demonstrated to be more 
repeatable than merely taking the peaks of the histogram 
distri but ions. Tlie other eye parameter measurements aie 
'als<5 based on histogiams. 

At times, it is convenient to display the trace in optictd 
pow^er units. This can be easily done w^ith the IIP 71501 A, 
With the responsi\it>^ of the optical converter entered as in 
Fig. 11, we can easily see usmg the marker fund ions that 
tire laser is putting out about 34(^ u W of average opticiil 
power. With Uie responsi\ity entered, the eye measurements 
are displayed in the appropriate optical power units* 

To get a good extinction ratio measurement result, it is 
especially imj>oi1ant to gel an accurate determination of the 
average power coiTcsponding to the low logic level It can 
be readily shown that a me^isurement error of a given mag- 
nitude has a nnich greatei' impact on the value of the low 
level than the lugh level. Because of sensitivity Ihiviuitions^ 
acciurate measurement of the low level may be tliflleult. 
However, this is an area where the eye filtering capability of 
the HP 7I501A can make a contiibution. When tuaking mea- 
suremerUs on high-speed laser transmifters with unamplified 
[ihotodiode conveners, tJie resulting detected vcjltages are 
only an Hi volts iu amplitude, making convendonal extinction 
ratio measurements next to impossible. Yet, witli the eye 
filter enabled on the HP 71 501 A. the extinction ratio can be 
readilv determined. 
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Fig, 12, Eye umsk measLireiii&rit. 

allow some additional guardband to ensure ihat the trans- 
mitter can pass the stimdart! mask, M4, L5, and IS denote 
the margin mask regions, aiKl one caji test for errors simul- 
taneously in those regions as well cis (he standatil mask re- 
gions. As shown, there was a maigin mask violation of the 
lower liruit alter 1215 traces had been evaluated. Custom 
masks cait also be easily constnicted for other- transmission 
systems or to assist m the design and trouldeshootuig of 
laser transmitters. 

Error Trace Capture 

The jitter in the datii transitions is a vcr>^ important trmismis- 
sion parameter that has a diiect imjjaet on the BBH, Iti many 
systems only the randont jitter is specified. But m optical 
syst.etns, a detenninistic component of jitter that is depen- 
dent on the optical t>atteni is often present. Using the eye- 
line mode with eye nitering one can observe the peak-to- 
peak variations m the crossing pomts as sliovni in Fig. 13. To 
detennine if a particular pattern is responsible for the jittered 



Mask Measurements 

The HP 7 1501 A has a general-purpose mask testing capabihty 
with intenially stored default masks for the rn^jor SONET/ 
SDH transmission rates to test compliance with these stan- 
dards. Tliese default masks can be antoscalcd to the data 
according to the specifications in tlie SONET/SDIl standard. 
Mask margbi testing is also pro\ided. Fig. 12 shows a SONET/ 
SDH eye diagram mask test performed by the IIP 7 1501 A. 
Once again, the transmission rate was G22.08 JVfbits/s. Tlie 
measurement bandwidth was fixed by a hardware filter willi 
a fourth-order BessehThomson response and a reference 
frequency of 4(>(>.5fi MHz. For this transmission rate, the 
default mask consists of a hexagon. Ml, in the center of the 
eye. and upper and lower lunit hues, L2 and Li The defauh 
mask has been antoscaled to the data. The error comit for 
each of the mask regions is displayed on tlie lower porlion 
of the screer\, along \\ith a number conesponding to the total 
traces e\'aluated. Tlie transmitter rneasiu'enic^nt shovtir passes 
the mask test wiOiout any \iolations. In some mstances, it is 
useful to detemiuie hy how much UTaigui a transmitter ptisses 
the mask test. It is often desirable in production testing to 
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Fig, 14, Error capture of a Jittered tnutsjtloii. 

ti"ansition, a custom mask can be employed. By dispJaymg 
several preceding bit iiiter%'als and enabling the error trace 
capture capabLLit>^ of the HP 71 501 A. one caji obsen'e m the 
lower trace of Fig. 14 that the delayed transition seems to be 
caused by intersymboi interference from a preceding 100 
pattern. The error ti'ace capture is a unique feature of the 
eye tliagram analyzer, made possilile by the eyeline display 
mode and a iriggeriiig architecture tiiat allows data before 
the trigger point to be viewed* 

The error trace captiue can be applied to a lumiber of mea- 
surements. II can be used to otiserxe the pattern leading up 
to a standard tlefault mask violation. Displayed in Fig. 15 are 
a tiansmilter wavefomi and the associated !nask for the 
2.488;i:^ iibii/s inyismission rate displayed in the appropriate 
bandwidth. The error trace here also seems to be a result of 
in t ersy m bo Ii n te rf erence. 

Summary 

High-speed telecoomiunication standards reqtiire tit at eye 
diagram measurements be made on digital transmitters. The 
HP 71 501 A eye diagram analyzer is designed to meet these 
measurement needs by peiforming uKtiistry-stajridard mask 
and extinction ratio measurements. It can ronsirucl Ijotli 
conventional eye diagrams and unique eyeline diagrams, 
which can be used for bi^t error analysis. 



Fig. 15. ErrDf capture of a mask violation, 

Acloiowiedgments 

The eye diagram analyzer involved the contributions of a 
number of people. Chris **cr Johansson \\TOte the I BASIC 
application program. Steve Peterson was primarily responsi- 
ble for re\Tsions and upgrades to the host instrument ftrm- 
wai-e. Steve, along with John Wendler and fJavid Slrairit, pro- 
vided technical input. John Wilson provided mai-ket research 
and many of lite ideas that make up the operation of the 
application. Finally. Mike Dethlefson and Mark Slo\ick mod- 
ified the existing base instrument s alignment and Ciilibra- 
tion routines to achieve the eye cliagnmi Bmiil>^er-s cuirent 
state-of-tlte-art time-domain measinement perfonnajice. 

References 

h Ammcntt Naiianai SUimktnifor Tdmomimmwntlon - IHgltal 
Hiemwhy Ojitieal hitf?^};fare Spmficafions, Sinffle Motfe, ANSI 
Tl-10f^I98H. 

2. Optirtii InfeifarpsJ'ir Kfiifiprnffits nitfi Si;^sh'nt>i Ri'httin^ to llw 
Sj/tirhmnou,^ Digital Hhrnnky. Vi'VV\ RE^rnminoiidatifin (IiJ57, 
1990. 

3. OF'STP^ Optima Efjf^ PafffTtt Mfasuremcjif Fmy'dtin^ TiAJ 
ElA-526-4, imd. 

4. DJ. Ballo and J,A. Wendler *'The Microwave TVans^iticm AnnlyM^r. 
A New tr\siniinenf Arrhit:t*ctiire for Coniponent atKJ iSigiial Aii:ilyHis," 
Hmdett-packnni Jrnirtml Vot43, no. 5, October 1092* pp. '18-62. 



)Copr. 1949-1998 Hewlett-Packard Co. 



Aiigimi. Ifl94 ikwlett'fttjckanl JnimtsiJ 37 



Thermal Management in Supercritical 
Fluid Chromatography 

In supercritical fluid chromatograptiy, very high degrees of accuracy are 
required for temperature control. On the fluid supply end of the system, 
cooling is critical On the separation end, heating is important This paper 
discusses temperature control in the HP G1205A supercritical fluid 
chromatograph. 

by Connie Nathan and Barbara A. Hackbarth 



Supercritjcal fluid t'hromatogra|itiy (SFC) is a technique that 
lias gained acceptance in the analytiGal clieniistry niarket- 
place as a complement to gas chromatography (GC^) and 
liquid chromatography (LC). In the developmeni of the HP 
GI205A5iiperc[itical fluid clu-oniatogra|jh (Fig. 1), leverag- 
ing or mt^or componentis from IIP fiC at^d LC products was 
a primary goal. As a result of tius goal, thermal management 
in tlie system was a challenge because the components were 
not intemled to operate hi the teiiiperature range required 
for SFC. For example, the LC pumping jnudule was designed 
to pump fluids at room teniiierature, wtule for SFC fluids 
optimal deUvery is at 5°C or lower. 

Modifications were made to the components to integrate 
tliem mto one pro<iuct Some components were optimized for 
SFC. This helped to hiiprove the clu-omatographic technique 
by iucon^orating new ways to nuuiage and control lempera- 
tme. Tiiis paper examines the design iiiodifRations made to 
components to meet the tiiennal require merits for SFC- while 
leveraging current IIP analytical product con^ponents. 

SFC System 

An SFC miit consists of four major systems: fluid dehvery 
(pumps), separation, detection, ai^d data collection. A brief 
description of chromatography accompauies tliis article to 
provide the reader with an ovemew of the technology (see 
page 3&). 

The HP G1205A SFC project goal of usmg, wherever pos- 
sible, components from already proven HP GC and LC 
uistnniiejitation resulted in reuse of the HP 5890 GC oven, 
the HP 1050 LC ]jurnping uiodule, a variety of both GC and 
LC detectors, and live hiP CheruStaiion instnmient control 
software- The m^^jor components of tlie HP G 1205 A SFX^ 
system will now be described in further detail 

Pumprng Module. Tlie HP G1205A SFC^ system is available as a 
single-piuup system usmg CO^ (or other fluids) for its super- 
critical mol'file fluid or as a dual-pum^> system thai allows 
modifiers to be atlded to tiie COo. Both inmips cor) sis! fjf 
reciprocating du^il pistons in series, allowing for contuvuous. 
reliable, and unattended pumping. This ehmi nates tlie incon- 
venience of refilling syringe pumps and allows fur control of 
the flow and changijig of tlie comi>osition. The pumps have 
feedback control algorithms that dynamically compensate 




Fig, 1. ]\r (li'lWbAniiptrv.mkii] \l\\k\ iiliriJdunugriii.ihy sysieju. 

for opdnnun lluid compressibility and minimi /e the pressure 
ripple of the reciprocating jHstons. 

The HP G 1205A modifier pump design paraUels the HP 1050 
LC pump closely since both are intended to pump incom- 
pressible hquids. Tliis is not tlie case with the supercritical 
fluid pump, whicl) required more extensive modifications. 
To pump compressible fluids like COj^ efficiently, the 
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What is SFC? 



CtTfomatogr^jlTv is a porass m which a tJhmiml rntiftii^ rmnf<1 bf 3 mobile 
phase , 15 sef^ated < nto components as a resul 1 :: ution of tfie 

solutes as they flcm- over 3 statioriMy pfia^ Jh- -. esult of drf- 

fering physfca^ and/or chirntcaJ (nteraciions of tti€ camponems wiltj ihg staT^cmary 
pliasa On a very basjt level cJiromaiographv tnstrumentaTion consists at (II a 
ti^rv^ system 10 tran^jon The sample witiim a mobile phase, \2\ a stationary 
pf}ase fthe cofumn) vv^e the seperst^ort pmcess occurs, (31 a detecttofi system 
thai identfff^ of distinguishes between the eluted compounds, and 141 a data 
ralEectiDn device to record the results (see Rg 1) 

The choice of which chromatographic method 10 use depends on the cofnpoends 
being analyied In gas chromatogrsphy (GCJ, tt^ mobile ptiasa that ctmes die 
sampfe injected into the system is a gas GC is general ly a method for volatile and 

low molecular wetght compounds High-perfomiance Itquid chromatography 
(HPLCl IS primarily used tor analysis of nonvnlatile ancf higher molecular weight 
compoLfnds A comhinatJon of desirable characteristics from both of these methods 
can be obtained by ustn§ 3 supercrjlical fluid as the mobile phase A supercnttcal 
fluid is a substance above its critical point on the temperature/pressure phase 
diagram (see fig 2). Above the critical point, the fluid is neither a gas nor a liquid. 
but possesses properties of both. 

The advantage of SFC is that the high density of a supercritical fluid gives it the 
solvent piopertFes of a liquid, while it still exhibits the faster physical flow proper- 
ties of a gas in chromatographte terms, supercritical fluids allow the high etfi- 
cieocy and detection options associated with gas chromatography to be combined 
with the i)igh selectivity and the wider sample polarity range of high-performance 
liquid chromatographv- Applications that are unique to SFC include analysis of 
compounds that are either too polar, too high in molecular vveight, or too thermally 
labile for GC methods and are undetectable with HPLC detectors. Another benefit 
of SFC over LC is, the reduction of toxic solvent use and the expense associated with 
solvent disposal This aspect has became increasingly important as environmental 
awareness becomes a larger issue. 



g Pt 




Sup^rcriticaJ 
Fluid 
Re^ior^ 



Tem|>erature T^ 

Fig, 2. Ptiase diagram with cnticaf point arhd supercnticaf region 

Hewlett-Paclcard d^eloped and manufactured its first SFC instrument in 1982. For 
the pas( decade, SFC has primarily been used in RSiD labofatones. The market has 
now expanded to mclode routine analysis for process and quality cnntrol as SFC is 
continuing to gain acceptance as a complementary technique to GC and LC. 

Connie Nathan 
Barbara Hackbarth 

Development Engineers 
Analytical Products Group 
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Rg. 1. Basic iiornponents ot a chfomato- 
grapr\ic system 



siipercriticaJ OuicI [Hinip ht^rirl must hp rooltnl to ]r>w**r 
leniiJi^raturps. Pt^lllfr vuuVmg was selected for its eleiuK splf- 
contained, quid, antf reimbie operation. Afl(ii(:ioiitdly, (Ine 
Peltier dements prr>vide precise rempcTalure cont.rfjl, 
minimizing pump flow iiojse and allowing more accurate 
comproHsibiJity conipensat ion . 

Separation Phase. Tin* coluniii is wliere the actual separation 
ofroriipuruMils occurs. The unique interaclions of the conv 
pounds with a given stationaty phase at certain conditions 



results hi different elution rimes from the cokiinn. The HP 
(i 1205 A system c^ati he used with caiiillaty. iiarrtjw Ijtyre, or 
packed columns. Viscosity of asupercrilical ilihrl is at least 
r>ne order of magnitude higher Uian the viscosity in the gas- 
eous state, but is one to two orders of magnitude less tlian 
in the liquirl stale. This iransh*tes into a pressure drop 
at ro.ss the* lohimn I hat i,s iert tiiut^s greater with IIPLt; than 
it is with SFX\ The h>wer viscr>sity of SFC' allows longer 
columns, which yirHfl l>ett(^r separation of closely related 
crjmpomids* 
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S€!iectivi1y riefers to tJie selective phyj^icocheniica] interac- 
tions l)etwepn the sajiiiile c:oniponerits and the column. In 
SFC, the select] \ity of compounds is aryusted by cliai\ging 
temperature, mobile phase deiiisity, and/or composition of 
added modlfier.s. Ttiese control pai'ameters are a ctombination 
of those available in either a pure GC" or a pure LC appUca- 
tion. The coltmm is iitstiilled in a temperature-c:ontrolled 
environment, tlie GC oven- 
Detection. SFC not only supports both capiHai^^ tmd packed 
columns but also a variety of GC and LC detector options. 
Detectors are devices that sense the presence of the differ- 
ent compounds ehiting from the column mid convert this 
information into an electrical signal. Selection of wliich de- 
tector to use depends on several factons htchiding tiie tyi>e 
of infomiation needed from rhe atuilysis, the sensing level 
required, and the complexity of tlie compounds. 

GC detectors tliat ^u^c available in SFC" ai^e tlie name ioniza- 
tion detector, the nitrogen phosphoius detector, and the 
electron captiu-e detec;tor. The electi-on captime detector is a 
halogen -sensitive detector primaiily used in pesticide analy- 
sis. Tile flame ionization detector Ls a universal detector for 
a wide variety of organic compounds. The nitrogen phos- 
phorus detector is a selective detector for compomids con- 
taining nitrogen and phosphorus, and is also used for pesti- 
cide and clinical apphcations. A new dimension to detection 
capaljility is made possible with the ust^ of mochfiers witii 
the electjon capture and nitrogen phosijliorus detectors. 
The flame ionization <:letector and the nitrogen phosphoms 
detector reqniied design changes for SFC use, 

LC detectors available in SFC include the multiple wave- 
lengl h del ector, the variable wavelength detector, and the 
diode array detector These cover appbcation needs for high 
sensitivity and selectivity. 

Data Acquisition System. The data acquisition system soils 
and executes the many different signals, flmctions, and com- 
mands. For example, the lirst ttting the instrument needs to 
know is how it is connguied (one pump, two piunps, which 
detectors, hyection method, etc.), CtHmuands are given to 
operate the system at particuhu' comlitrons (fluid flow rate, 
pressmre, temperatiu'e, etc.). Electronic signals from the 
detectors m'e collected and converted to useful chiomato- 
graphic information. Analytical results are stored and later 
presented in a mcanuigful report fonnat detennined by tlie 
user Tiie software platform for the IIP G1205A SFC wtis 
leveraged from exist mg ChcmStation platforms. VVorking 
through Microsoft -^ Windows as the operating control sys- 
tem ^ ^t can multitask with otlier applications and network 
with other <iala systems. 

The remainder of this article focuses on the thermal design 
of the SFC puntp and one of the detectors. 

SFC Pump 

Tlie i>nnttJ module is ai^ LC pump optimized to operate with 
supercritical fluids at low temperatmes and lugh iMcssures. 
Supercritical fluids such as COi> are pimiijed through the sys- 
tem at rates as high as 5 milliliters per n\iniitc mid pressures 
as high as 4()f) bai^. 1^he initial approach was to use ciyogenic 
COo to cool the pum|> surface. The proposed design w^ls a 
chaimei c}f metal tubing vvitfi cr>'0genic CO^j flowing through 
it. losing a network of channels, the ctyogenic CO^ is evenly 
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Fig. 3, 1 hermoelectric (Peitier) cooler. 

distributed tJirough Uie pump and provides an efficient 
method of cooling. The design could be fiulher optimized by 
using materials with high thermal conductivity for the pump 
head to improve the efficiency and enhance the cooling. 

The HP supercritical fluid extractor (SFE), mtrodnced ui 
1990. used a similar approach. The SFE uses a supercritical 
fluid to extract the sample and prepare it for analysis. The 
SFE pimip, like the SFC pump, must be cooled. Cryogenic 
CO^ through a single stainless steel tube is used to cool the 
surface of the LC pimip head. Althougli fliis design met the 
functional olijective, it required km additional somcc of CO^. 
Supercritical fluid grade C0]J is not used for cryogenic pur- 
poses because it is more expensive and a purer form of fluid. 

To make the product more compact and self-contained, a 
thermoelectric (Peltier) device was investigated. Tliermo- 
clectric cooling provides one of the simplest memis of refrig- 
erating electronic equipment without usmg compressors or 
liquid refrigerarUs, A therm oelectric tlevice is a iieat pmup 
that operates electronically. The device is made from two 
semiconductors, usually bismuth teUuride, tJiat eitlier have 
an excess (n ty^ie) or deficiency (p type) of electrons^ Cur- 
rent passes tin^ough the dissimilar conductors creating a 
tcmperatiue differential across tlie device, ileat energy^ is 
trmisferred from tlie cold side (iDody to be cooled) to the hot 
side (heat smk) and dissipated. This is known as tlie Peltier 
effect. Fig. 2 is a schematic diagram of u Ihennoclectric de- 
vice. Table 1 provides a comparison of a tliemioelectric heat 
pmnp with other tyijes of refrigerant coohtig systems. 

In applyuig theinioelectric teclmology successfully, three 
design issues to be considered are: 

• The operating environment 

• How to dissipate the heat efficiently 

• Estimated amoimt of heat the device needs to remove- 
To mahitain a d^C operating temperature, the final design 
(sec Fig. 3) includes sev^eral thennoelectric devices satid- 
wiched between an alumimmi heat sink and a copjier cold 
plate. 

Preliminary results showed that the fliermoelectric device 
could maintain a temperature of 4 'C at the pump head sur- 
face. If the heat sink reaches the temperature of the hot side 
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Tabfe I 

Refrigerant Cooling Comparrson 



Source 

Temperature 

Opemtiiig 
Range 

Operation 



Physieal 
Attributes 



Thermoelectric 
No liquid coolant 

Can siccomfuodate 
temperature 
extremes 
(-lOOXto+lOO'^C) 

Electronically 
controlled 

Modular m\d 
compact 



Cryogenic Fluids 

Requires liquid 
coolant source 

Provides cooiiji,^ 
onlv 



Moving components 

or v'ah'es to control 
fluid flow 

Bulky with extra 
hai^tlware (valves, 
tanks, etc. ) 



of the Peltier de\ice. tlien the heat sink alone cannot effec- 
tively dissipate the heat. A boxer fan a1 die rear of the pump 
cools the heat sink. The interfaces berw een the Peltier 
cooler, the heat sink, and the cold side of tiie pimip head are 
secured witli screws and epox>' to miiuniize thermal losses 
and provide a good thennal circuit. 

Fiuther efforts to optimize the design included the selection 
of niate rials with high thermal conductivity. A nickel heat 
exchanger with pfjro us sintered nickel is IncfjrtKjrated m the 
design to c-ool the CO2 condiictively before il enters the sys- 
tern. Tlie temperature of tJie C'02 as it entei^ the pimip is netu- 
room temperature. The heat exchanger is in thermal contact 
with the cold plate. The cold temperature is conducted into 
the heat exchanter to tower the fluid temperatuie to 5'^C. 

Tlie thennoelectric device combined with conductive and 
convective cooling techniques allows the pump module to 
be self-contained an<l niotlular. Tlus approach requires no 
exteniaJ sounre ff )r c* myogenic cocjling. 

Flame loni station Detector 

.'\s described above, the sei)ai'ation ^\d detection module^ 
Includes a choice of colunms and detectors- The flaine ion- 
ization detector is themuilly o]jliniized for SFC. 1( is mounted 
tn the top of the (;( ' oven, which controls ihc tpmperatiite of 
the column that contains the sample. The flame ionmancjn 
detector has two separate tcmperature-coritrolled healed 



zones. The base of the detector protrudes into the oveiL The 

top of the detector, the coUecton is a eontrolJed zone ex- 
posed to room temperature. The o^^en and detector base 
lioth operate at temperatures up to 450'^C with less than 
O.o^C variations, 

A flame ionization detector is a stainless steel block with a 
jef (a stainless tubej attached to it. Heat is apphed by a rod 
heater. At the tip of ttie flame ionization detector jet. a Oame 
is produced by die combustion of hydrogen and air The sam- 
ple etuies into the flame and ionizes. The detector genemles 
a signal thai represents the aiiiount of carbon in the sample. 
Fig. 4 compares GC and SFC flame ionization detectors. The 
temperature of the zone just below the jet is critical. Shght 
changes in the Temperatiu^e affect the reproducibility of the 
results. 

The GC flame ionization detector was e\^aluated for poten- 
tial use viitli SFC: Tlie GC detector has a long heated zone 
with a removable jet positioned above fJie zone as shown in 
Fig. 4. A temperatiu^e gradient exists between the heated 
block and the jet tip of the GC flame ionization detector be- 
cause of the position of the heater and sensor and tlie loca- 
tion of the jet relative to the heater. Wlien diis GC design is 
used for SFC\ spiking and flameout occur. Spiking is a fluc- 
tuation in the sigiiaJ that shows up m a chromatogram. It is 
the result of the CO2 icing. Flameout occurs if there is too 
much C O2 Oowing througli the jet. A long heated zone also 
causes undesirable dei\sity diops in CO2 that allow the 
sample to precipitate. 

Ctistomers farniliar with flame ionization detectors expect 
the results to be clear anfi reproducible. The priniar>^ design 
consideration for optimization of the flame ionization detec- 
tor for SFC was to solve the problems seen witti the GC de- 
si gUt that IS, to ntinintize density drops and eliminate spiking 
and flameout, 

A shorter heated zone flame ionization detector was de- 
signed. The jet is an integral part of the healed zone (it is 
physically brazed to t he zone) to ensure that there is no 
diermai break tieiween the zone Ijase imd the jet. Tlie heater 
and senstir aie positioned (*lose to I he jet. The temperature 
j^i'adient is rninimizecL The jet orifice size is optimized to 
prevent flameout at high CO2 Oow^ rates, A second heated 
i^one is added to the SFC flame ionization detector to elimi- 
nate probletns of spiking ami condensation above Ihe jet. 
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Coiuiensation fomis from the combustion of hydrogen ai\d 
air whtni the* deteetor i)iock iemperatme is below lOO'^C. 
Table His a comparison of the GC and SFC deteclors. 

Table II 

Compaftson of SFC and GC Flame Ionization Detectors 

SFC Detector GC Deteator 



Physical Size 


G nmi tiiick, compact 
T^^th jet permaiteiUly 
attached 


25 nun thick with jet 
a separate part 


Temperature 
Gratlieiit 


1"C' from sensor to 
Jet tip 


17T from sensorio 
jet tip 


Problem 
Area 


No spiking or 
tlameout 


Spiking and flame- 
out, when used as an 
SFC detector 


Collector 


Heated collector 
zone 


Collector not 
actively heated 



The SFC flame ionization detector is insulated from the oven 
so that the heat from the oven has miiiinia) effect on it. The 
SFC detect or 's nuruimmi operating tenijieratiire is^ the oven 
temperatore plus KPC because of convection and conduction 
of heat bom the oven. 

To achieve temperatiu-e stabihty, the SPC flanie ionization 
detector heated ztuxe requued changes in the temperatm-e 
control paiameters. The controller uses the Ziegier-Nichols 
algorithm^ to obtain the proportional (P), mtegral (I), and 
derivative (1)) teims in the control algorithm. This algorithm 
defines the PI!) t onstants such thai the object reaches its 
desired steady-state temperature withou! large offsets or 
deviations. The PID cojitroller is designeti for larger masses 
such as the GC heated detector zones. Although it takes 
longer for larger masses to heat up. the oscillations are mhti- 
mal iind liierefore it is easier to dampen the response and 
bring temperatiu'e under control. The SFC Hmne ionization 
detector is 1/4 the size of the GC design, so it heats up very 
quickly. Using the GC PID constants, large oscillations were 
seen because of poor temperature contiol. New initiiul vahies 
for the PID parartietei^ for tlie SFC detector were (leri\'ed 
using the Ziegler- Nichols tunuig algoritlmr A trial and error 
method was then applied lo fine-tmie the PID paiameters !o 
ehminate oscillations. 



^ Hydrogeirln 



Fig. 4. Sketehei^ of tlie SFC (a) 
aiitJ VAl (b) flarue ioniiiaLioii de- 
tectors. Note the difTercnte in tht^ 
heated block size and Thp location 
of tliejet. 



Results 

The m^yor result was the introduction of an HP G1205A SFC 
system in May 1992 that meets its performance goals. It was 
a challenge to reuse existing components that were not de- 
signetl with SFC in mind. In SFC, control of temperature in 
different regions of the system is critical to tlie success of 
the chemical analysis and die [jerfonnance of the histni- 
ment. To make components perform utider conditions for 
whicli lliey weie not originally desigrted was a nu^jor suc- 
cess for the ie*ani. Another tangible result was the ie<:luction 
of product co.'^t by cojisolidation and reuse of cromponenls. 
The pioduct Is a compact modulai' design and maintains the 
mtegrity of the existing designs it leverages. The introduc- 
tion of a thermoelectric Peltier-cooled pump head provides 
an advantage over designs that use a second soiu'ce of CO^ 
to cool the pump head. Other HP analytical products have 
incorporated the Peltier device. The SFC flame ionization 
detector, with its shortened zone, has improved the quality 
of tiie analytical results. 
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Linear Array Transducers with 
Improved Image Quality for Vascular 
Ultrasonic Imaging 

This project not only achieved its goal of improving the near-field image 
quality of an existing transducer design, but also added two-frequency 
operation. 

by Matthew G* Mooney and Martha Grewe Wilson 



Medical nltrasonic imaging is a real-dme techj^ique that uses 
lijgh'fre<|ii*'iic'y somiti waves ro image many different parts 
of the body ijieluding the l\eai1 , vessels, liver, kidney, devel- 
oping fetuses, and other soft tissue. Tlie focos of this article 
is on noninvash'e imaging of the blood vessels, which is 
more commonly referred to as \^asciilar imaging. We begin 
with a general over\1ew of nltrasonic imaging aiKi then fociLS 
on the basic design aspects of a transducer used for imag- 
ing. Next, we examine the vasculm" market and die customer 
requirements, and then describe thc^ tk^yign process used to 
develop two new vascular transducers. Final ly. we present 
the clinical results. 

The ultrasomid waves used for imaging are generated by a 
transducer, which is helii against die patient's body. The 
sound waves aie produt^'fJ by a piezoelectric material in the 
transducer. When a voltage is apphed across the piezoelectric 
material, it deforms mechanically, creating vibrations in the 
material. These vll^rations are acoustic (soimd) wa\'es mid 
can have frequencies of 0.5 to i30 MHz. As the sound wave 
travels through the liody and through various tissues, it 
bounces off I he i issue interfaces, creating nimiy renections, 
Tlie redec ted sound waves are ihen detc^cted by the (raj^s- 
ckicer, providing iiifonnation on lite kjt^adon of the tissues. A 
characteristic of tlie tissue called acoiistic impedanee deter- 
uiiiies the fraction of the energy fliat is transmitted from one 
tissue to another. The acoustic iinjjedajue, Z. is defined as: 

Z - PC 

where p Is the density of the material and c is the velocity of 
sound througli the material. 

Fig. 1 shows the solukI wave at an interface ajul the trans- 
mission equation at that interface. In I he body, the imped- 
ances are often very similar, ^y the system nuist be sensitive 
to these differences to distingttish lilood from mtiscle, for 
examt>k^ As shown in lable b the intijedance tjf Ivone is much 
different, thus causing a great deal of renectkm at that ittt ef- 
face J ^'^ SitR^e the souiici waves e^innoi penetrate bone, nalural 
^'windows" in the body such as intercostal spaces between 
the ribs are often used. Attenuation, which is the result of 
al)soq)tjon and scatterittg of energy' within a nuUetiaL 
creates aiiutlier challenge iri ultrasotuc imaging- 
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where Z = Acoustic Impedance 
p = Density of tlie Mai 8 ha I 
c - Velocity of Sound through the Material 

Transmission Equation: 



T - 



2Z, 



Rolteetion Equation: 

Fig, L Sum lit wtivi>s tnivrting l^f'lwpt'ii fwo matpH<tLs, 

Once the wave is refleclefl fnun ibediffeTenl rnterrarc.^, it 
travels back throiigli die inuly iuid is sejist^d l>y the trans- 
ducer piezoeleclric tuateriai. The eiierg>' is then trmisfonned 
into electrical signals which are prcjpagated over a cable 
to the ultnisound imaging system, where all of the signtd 
processing and image display oceiu". 

Modem ukras4*tmd systems are very cotnplex and can consist 
of analog im.i\ chgilal portions- lliese systems process elec- 
trical signals in terms of amplitude aiKl lime, tTeating a real- 
time picture of the p^ul of the i>ody beuig sc^mned. Fig, 2 
sht>ws the HP Sonos lODO cardiovascular nltrasomul iniagmg 
system. 

One ty[je of ultrasound imaging system is the phased-arniy 
system. These systems have multiple t^hatmels for transmu- 
ting, receiving, and i>roci^ssing Sf>und wave signals ((>l and 
128 cluumels aie the juost conunon). A lineal t.ninsducer for 
rhese systems is divided into numy individual transmitter/ 
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Table 1 

Characteristic Acoustic Impedances 

of Several 8rologfcal and Nonbialogical Materials 

Material Acoustic Impedance 

(lO^Rayls) 



Lmetr Phased Arra^ 



Phas£ii Array 



Air a! S.T.R 




0.0004 


Water at 20%^ 




L48 


Blood 




1.67 


Muscle 




1.70 


Fat 




1.38 


Soft Tissue 




L63 


Kidney 




3^^ 


liver 




L64 


Bone 




3,8 to 7.4 


Polyethylene, Low 


'Density 


wM':'.. 


Vinyl (rigid) 




m 


Lucite 




BM 


Valox, Black (glass 


-filled nyionj 


3.8 


Alujiiiiiuni 




17.0 


Lead Zircoiiiiini Tltanate 


28 to 36 


Stainless Steel 




45.4 



Coupling 
Gel ~ 





Fig. 2. HP Sonos 1000 ulLrasoimd iina^g system. 



Fig, 3, Comparison of linear phased-array and phased-array ultm- 
souiitl uansducers. 

receivers which arc called elements. Topically, each trans- 
ducer element is connected to one system channel. l\vo 
different types of transducers are commonly used: sector 
phased-array tuid Imear phased-anny trmisducers. The main 
difference is how these transducers are electrically excited. 
Each element in a sector phased-array Irtmsducer is acti- 
vated at a sligii! ly difTerent time delay wliich allows the 
soimd wave to be shaped into a l^eam of sound and steered 
at different angles* producoig a picture shaped like a pie 
slice. Linear phasefl arrays have the additional abihty to acti- 
vafe groups of elemenls in a type of sequential scannmg of 
the image, producing a rectangular-shaped i)icture. Fig. 3 
shows a pictorial comparison of the element pulse patterns 
and ttie respective image shapes produced by the linear tmd 
phase d-airay transducers. 

Tliere are three main inodtdities in ultiasonie irnagmg: 2D, 
Doppler, and color How. The 'ID image is a real-time gray- 
scale image display. A ly]jical 2D lineai' image of a carotid 
arteiy in ttie neck Ls shown in Fig. 4. Doppler is a way of 
measuring the flow velocity and ttiovement within an image 
and is named for the principle it uses. The infonnarion is 
presented either with mi audible tone or a visual plot. Color 
flow imaging detects the flow of blofjd and color-<^odes it 
depending on the direction antl velocity of ilow. An image 
showing color flow In the carotid artery is shov^Ti in Fig. 5. 

The references provide more detailed mformation on 
phase d-array nitrasomid imaging syst^nW^ and on color flow 
imd Doppler iirocessing."^ 

Transducer Design 

As mem ioned above, a traiisducer consists of many small 
elements. An element is a multilayer sajidwich of piezoelec- 
tric and oUier materials. The basic acousric transducer ele- 
ment is shovim in Pig. 6. Lead zirconhim titanate, PZX is a 
commonly used piezoelecttic ceramic sensor material ha\ii>g 
an actnistic mipedaJice between 28 mid 36x10*^ kg/ni^s (Ray I). 
Recall I hat soft tissue luts an impedance in the l-t(>2'MRayl 
region. Because of the impedtuice mismalclK there is a lot of 
reflected energy at the transducer/tissue inteiface, aiid such 
a transducer would not couple much energy to tlie human 
body. To inij^rove coupling, a front matciung layer-^a coo- 
phng material with an intermediate acoustic inu>edance — is 
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Soflf 



Fig. 4. 2D linear phased-ajtay image of a caroitd nn£*ry. 



Matching 



Fig. 6, Enlarged side ^lew of «>ne eJement of an iilLrasaund 
I niii?;ducpr. 

added to the front face of the piezoelectric^ to aid in transfer- 
ring the soimd wave more efficiently to and from the body, 
.\n aconsfifally absorbing materia] railed a barking is added 
\n {he. back of the sensor to dampen energy^ tiiat might cause 
aflditional mechanical vibrations (greater pulse length ).^*'^ 

An important aspect in ultrasoimd imaging is tlie ability to 
detect and resolve small structures in the body This is 
largely tietemiined by how well the beam of uitrasoimd is 
focused. Beam focus big for linear and phased arrays is de- 
I ertnii^ed by two different measures: elevation beam width 
and laienil beam width. Fig. 7 shows a pictiu-e of a focused 
lieam and the elevation and lateral planes,^ 

Tile lateral beam width is a measure of transmitted beam 
width irt the lateral plane and it chaixges as a function of 
many parameters including disUmce from the transducer it 
car\ be measured by keeping the tnuismitted beam fixed 
while moving a receiving hydropfione in an are in the lalend 
plane. Uiteral beam widtli caJT lie clianged by electronically 
switching elements on or off to change tiie aperture sis^e. 
The electriccil impulses delivered to the elements can be 
;itl%auced or delayed in time to provide additional focusuig 
ill the lateral plane. Hg, 8 shows a typical lateral beam plot 
at some distance from a transducer Beam width is extracted 
fnim the beam plot iuid Ls a meastne of liow wide the main 



TrBnsduccr 
Elements 




Fig. 5. L Viliir Ijrjw iniiLgr I.H a rmtAvl \ir\vry. 



Fig, 7. FofiLsed beam, siiowing elevation and !^itf?nil planes. 
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2fl-dB Beam Width 




Angle belween Target and Transducer Face 
IdegreesI 

Fig. 8. IVrJi^al lateral beam plot n]. some distance from the 
lra[isfiijrer. showing beam widLii measnreineni. 

Lransiiiitted lobe Is at 15, 10, 20, or even 30 cIB down from (lie 
maxjiiuun. 

The elevation beani widtli is a measure of transmitted beam 
width in the elevation plane. like the lateral Ijeaiti width, it 
varies with the dislance from the transmitting elemeriL It is 
tUflerent ft om the lateral beam width because the size of the 
transducer in the elevation direction is not the same as the 
size in the lateral direction. Also, since most transducers at^e 
not th\ided into multiple elements in the elevation direction, 
eietuents camiot he electron icaliy switched to change the 
size of tlie aperture, or phased to provide additional focus in 
the elevation plane. As sucli, tlie choice of elevation aper- 
ture is criticid to any transducer design. Fij^. 9 shows the 
effect of aperture size on elevation beam width and focal 
point. 

Insteajd of electronic elevation focusing, a lens is placed 
over the elements to provide some focusing in the elevation 





Fonntifas:^ 



a = D.2mniat7.5MH£l 
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0.89 Z X 



2 a 

Where: 
F = Focal length 
\Xi^ Beam Width 
I ^ Wavelength 
Z = Distance irom Aperture 
a -Apanure/Z 



Fig- 9- Effect of apf^itiire size on elevation be ani wtfjlli and focal 
poinL 
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Where: 
F - Focal Length 
R ^ Radius of tens 
Ve = Velocity of Sound in Body 
Vl - Velocity of Sound in Lens 



Fig. 10, InfluenL-e of ieris radiu,^ on focal point aiKl elevatiun beani 
wMth. 

plane, but this focal point remains constant for a given 
choice' c»f lens. The radUis of cun^atm^ in cor^jimction with 
tnateriaJ piopeities of the lens determines where the nar- 
rowest point in the elevation beam will lie. This narrowest 
point is called die elevation focal pomt. The sketch in Fig. 10 
iliustiates Injw the lens ladius influences botli die focal 
point and the elevation beam width. 

Atiodier important factor in lesolving small stn.K'tiires is 
tinte resolution. A weE-focused beam allows small targets 
that ate side by side to be resolved, while a short pulse 
length aOows resolution of smaU targets I hat are separated 
by short dlstanc'es into the body. Because the deptli of an 
echo is determined by its time of anival at the transducer, 
this attribtne is called lime resolution. Time resohition niea- 
smes how wetl small st mclures can be resolved along the 
beam axis, so it is also called axial resolution. Axial resolu- 
tion is metisured in seconds of diirat ion aflc^r excitation be- 
fore the transmitted acoiustic pulse taiies to a certain level, 
ustially 20 or »J0 dB below^ maximtim. Tlie transducer cai\ be 
designed lo have a higher fi'equency, which iticreases axial 
resoknion, l>ut the body absorbs liigher frequencies more, 
thereby rethicing the depth hito the body that can be 
imaged. Two pulses at two different frequencies are shovt^i 
in Fig. 11. The higher-frefitieticy tratisducer produces a 
shorter pulse. The choice of frectuency lequires a trade-off 
between axial resolution and depth of penetration. 

Vascular Linear- Array TVansdueers 

Since each imagii^g application has veiy^ specilic reqttire- 
ments, different systems and tRUisducers are sold for differ- 
ent applications. The medical ultrasoimd market can be seg- 
meiited into cardiology, vascular, radiology; imd obstetrics. 
Hewlett-Packard's product line is focused on the cardiology 
and vascular markets. Otir picyeci developed two transducers 
for tlie va^sculai^ ultrasotmd market. 

In June 1990, HP introduced the HP 21258A 7.5-MHz linear 
|>liased-tinay transducer. Tliis Iratisducer offered several 
new lecimologies, one of which is cotitinuous steering of the 
image. Since color flow and Doppler imaging are based on 
the Doppler principle, they are most sensiti\'e when the blood 
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Fig. 11, Cciinparisoii of ultrasoLUid pulses horn transducers ofjemtiiig 
at diilereiit frequencies, (a) 7.5-MHz pulse. 0>) 4.5-MHz pulse. 

vessels and the blood they carry pomt towards or away from 
the transducer. ! 'iifortunately, the 2D huage has its best sen- 
siti\1ty when the blooti vessels run paraJle! to the transducer. 
Steering can be done on the linear arrays to accoimt for the 
t f )nflictjng angle n^quirements. This continuoys steering is 
made possible by t oinblning 288 iniiisdueer elements into 
128 signal paths, which mauh Jhe 128 channels on the ultra- 
sound systeiu. The abihty to steer the 2D iniiige U) gel the 
l;H\st grayscale picture while in(lej>endeTiiIy steering the <^(>k)r 
flinv image \u i\v{ llu' hesi color filling allows the user io get 
tlu^ Ih^si of l>oMi inod^dities. 2D image stfeiing Lsiut iuiportmn 
feature of HP linear array transdticers, 

Tlie hUroductioji ui' the IIP 21258A wjis folhrwed in April 
1991 Ijy the low ej -frequency IIP 2 1 256 A ISyMllz linear-array 
transducer. ^Fhe IIP 21255A employed the same lechjifjlog>^ 
as the IIP 2 1258 A. hut the Imver-frequency ultrasound energy 
of the HP 21255A could penetrate deeper uito the body. As 
exf>ected, the axial resolution was not as good as tlie HP 
21258At since the fretjuency was lower Together, these twf> 
linear array transchjcers provided tlu' \^iscular ultnisound 
user with aJlematives to tlie [>enetiation/resolution trade-off. 

As with any new i>roduct, iniprovenienis were t>lanned for 
the nexl versioji soon id'tei" ! he introchiction of the vemion A 
transducers. Tlie improvements were centered around cus- 
tomer feetllyack and were organizeil into two m^or catego- 
ries: lh(^ large size of the triuisducers ajid tjie inability t>f the 
HP 2 1258 A lo resolve small structures close to the surface 
of tiie sldn (nejir field). 

A cross-fiuictionai project team was fomied to define and 
develop new versions of the version A transducers. The ver- 
sion B v;^cular trmisducer teain soon divided t!ie work to 
be done inio two categories to maHh customer needs: ergo- 
nonnc improvcnu^nts and near-fieki image quality improve- 
nienis. Tlic reuiainiUT of this ailitle will ciiscuss the process 
used to aildress the lu^iir-fiekl improvements. 



Ciistomer Feedback 

The version B near-field image quality teajit sei as an initio 
goal to be able to produce near-field images as good as the 
best, competitor wlille maintaining our abiiit\^ to produce 
good images in the far field 

Knowing that the near field neetled tmpnivement was a 
good Stan, but the project team retjuired more tietail. Mml 
did tlte castomer define as near-field? C ould this improve- 
ment be made at the expense of other attributes? How much 
iniprovenient was needed? In addition to fmding out exactly 
what the ctistomer wanted, the project team also needed to 
figtire out how to improve the near field. Should the frt>- 
qxiency be changed? Tlie ^lerture size? The focal point? 

At this point in time, we needed a framework for organizing 
the information we had as well as some way to highlight 
areas that re<|Uired more data. .\n organizational tool cidled 
quality functifin fleployment (QFD ) was identified as one 
way to help us translate \^liat die ciLsttmier wanted mto a 
product. The QFD method is based on the constmction of a 
"house of quality"^ 

The fi.rst step in building a house of tiuality is to tabulate 
customer wants and assigji them weighing factors.^ Given 
enough init iid feedback, tjur team was able to develop and 
distril)ute a survey that ILsted many customer "wants" and 
asked for relative weights for each. The next step in building 
the house of quality is to tabulate those engineering charac- 
teristics that affect some or all of tJie custonier wants. This 
list contains ail the* ptuts of the design that engineering 
could modify to give customers what titey want. 

The final steps in the housebuilding process took the most 
time. The competition's products were benchmarked rela- 
tive to HP's to see in what are^is of customer w<"uits w^e were 
winning or losing. The t^ngineering tharact eristics were re- 
lated tt^ cusifjmei wimts in matrix form so that we could see 
what fhaiact eristics aflecled which customer want and by 
how much. The final house of quality provided a graphical 
means of displayuig all this data ui a readable foniiat, A 
small [jiece of our house is shown in Fig. 12. The actual 
house lunl 2(1 wants iuid 30 characteristics and several 
'*rot>ms" like th(^ example in Fig. 12. 

Engineering Design 

The house of (juality was an effective tool to show what we 
had to do to give customeis what they wanted. Next the 
prfjjed team needed to change the design of the HP 2 1258 A 
transducer lo create the IIP21258B. 

Using customer dat^ other rooms in the house of quality 
s b( 1 wv d t h at I b e H P 2 1 258 A t rai t s r I u c e r w as apii n j xiniately 
equiiaient tt> its competitors in the iireas of color flow and 
Dopt>ler perfomiajtce. However, it was inferior to its com- 
petitors in near-tleld 2D image quality The house of quality 
fiist) sliow**d Tluit elt'\'arion beam vvidtli was the engineering 
cbaracteri.siic most slnmgly related \o 21) image quality. 
Tlas l>ecame the first area of redesign on tJie HP 21258B, 

The house of qu^ilitjf* provided infonnation that our customers 
considered the near field to be over a very specific depth 
range into the body. New HP 212i>8B dt^signs were built and 
evaluated for elevation beam widths in ilus range. The HP 
2125BB designs inchided combinatioas of sitialler elevation 
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Fig. 12. A KiuaU porLion of the QFD (quality function deployment) 
"house of quality" for Ihe vascular ultmi^oimd transducer. 

apertures and tighter lens radii. Tiie graph in Fig. 13 shows 
the elevation beam width of two such designs compared to 
theHP21258A. 

At least eight different designs for the 21258B were built and 
tested in teiTi^ of the critical few engineering characteris- 
lics shown to be mipoi-tant lo custotiier satisfaction. A few 
of the most promLsing designs were taken to preference 
trials and tested against die competition. 

Initial Cliidcal Trials 

The initial preference clinical trials were held in-house with 
internal exj^erts and some invitetl outside viusciilar ultra- 
sound users. Images were acquirer! usin^ the various trans- 
ducer designs and customers w^ere askefl to grade the images 
relative to each other. Some preference trials were con- 
ducted at customer sites. The initial comments on the new^ 
designs were very positive from usei^s of the HP 2 1 258 A. 
According to these users, the initial HP 21258B was defi- 
mtely an improvement over llie IIP 21268A, especially hi the 
near field. Unfortunately, the HP 21258B designs did not faie 
well in the eyes of those users tliat had experience with our 
competition. One technologist summed up the best of oiu- 
new designs as "better than Uie old one ... about 80% as 
gcjod as my brand K" 
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Fig. 13. FJevation beam widtlis of the BP 2125SA transducer and 
two improved designs. 



The disappointing performance of tlie initial HP 2I25BB 
designs required reexaniination of the engineering design to 
identify huther opporltniities for improvement Tlie next 
most important engineering characteristics as defined by the 
house of quality were not transducf^r design changes but 
ultrasound system changes involving latei^ beam wddtii. 
There were some ongoing investigations into system im- 
provements, but with the preference trial results, these 
efforts received niore attention. 

In teniis of transducer improvements, many of the second- 
ary etigineering characteristics such as pulse length were 
shown to be moderately important to customer wants. Not 
one but many characteristics would have to be changed to 
make large imiinjveinents ui transducer performance. Since 
we liad already l>een through preference trials, we were 
pretty far along the product development cycle and a rede- 
sign would have taken too much time. At this pomt, some 
teclmique to change the transducer design significantly in a 
short period of time was needed 

Second Matching Layer 

It was clear that an improvement in the axial resohition was 
required. A decrease in the pulse length would help. Alter 
investigatuig different w^ays tf) imprrive t he pntse t espouse 
of tlie transducer, one idea w^as to add a second matching 
layer to the sensor stack design. 

Matching layers are very important to the transducer con- 
stmction. The matching layer is attached to the front face of 
die sensor material and its main fi met ion Is to help effieiently 
couple the energy tcj and from the body. A matt hi ng layer is 
one quarter of a wavelength tliick to pro\1de for constructive 
interference as the sound waves travel throiigh it. By ad<ii ng 
more than one matching layer, the energy Ls even more effi- 
ciently coupled, resiUting m reduced pidse lengtii. Tliis would 
correspond to an improvement in tlie axial resolufion. 

The investigation of adding a second matching layer began 
by usmg computer models that showed a reduction In the 
pulse length when a second niatcliuig layer w^as added to a 
sen son A comijarison of the two modeled 7.5-MHz designs is 
shown in Fig. 14. The next steps in the process were to de- 
fine tlie desiralde oiaierial properties for the second mate h- 
uig layer material and then select and test an appropriat:e 
material. 

In terms of trmisducer design, there are two important mate- 
rial properties of a matching layer: the acoustic inijiedance 
and the attenuadon. Typically, the preferrefl aroustic imped- 
ance of the mat clung layer is the geometric mean of the im- 
pedances of the two materials it is sandwiched betW'Cen. F'or 
example, if the first matching layer has an impedance of 8 
MRayls anct the body is L5 MHayls, the desirable impedance 
of tlie second matt hing layer would be 3.5 MRaylsi 

2ml - (2122)*'^^ = (S MRayis x 1.5 MRayls)" '^ 

= S.5 MRayls, 

Ideally, the attenuation should be low to minimize the 
amount of energ>^ lost when the wave travels tltraugh the 
matching layer 

hi addition to the acoustic requirements, other niateriai 
properties of the second matching layer were importmit 
The niateriai needed to be bondable suice it was goii^g to be 
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Fig, 14. (a J PuJBt? and sptcLruni of tiie rmideled HP 21258A 7.5-MHz 
trmtsducer, (b) Pulse* and speLtrmii of the modek^d HP 2i2r)SB 
7.5-MHz traiififhicc^r. 

attadxcd to tlie ac'oustic sta(*k. It rpquircd gofxl resistance to 
cliariges in tt-niperaturp and Ininiidit> anil rc^sisumct* to 
rhemicals to whitdi the transflui'ei' wfRilti lie exposed, such 
as acoustic coufduig gel atul disinfect^ils. The second 
matching layer also needed to be an electrical insulator for 
patient safety. To nimntiiin consistent performance, each of 
I he material pioperties needt^l to be homogeneous witliiu 
I tie second matcliiiig layer. 

Polynters generally lni\e iniiK*danees l^etween 1 Jind 4 Mliayis 
as noted in Table L To meet llie acousjtic requiremeiitSt many 
polymers were evaluated and the selection was narrowa:! 
btised on the acoustic ciiteria, NexL more roinidete material 
property testing was done mid a 11t\aJ iiojyiuer materiiol was 
chosen. 

To en.su re tliai the second matching layer material selected 
was appropriate in terms of transducer reliability, extensive 
etivlromnental testing was done. The testing included strife 
(stress to faihtre) testing in severe temperatiue iuirl humidity 
en\Ti\mmenLs. As a resiUt <if the strife testuig. flesigit changes 
were implemented to improve the robustness of the product, 

A comi>arison of the acoustic^ resjxjnse of 1 ransihtcers with 
aiKl witiiouf seconti matching layers was fione. Tlie rc^sults 
showed that tJte pulse lengths are greatly reduced with sec- 
ond matching layers, Acou,stlc puis*' Am] sfK-rtriuii test data 
comparhig 7fi~M]h transdiirt^rN vviih ^ml uiihuui second 
matching layers is shown in Fig, M, The graph sliows llial 
there is a signifu'iint decre^ist* in the -^JO-dH iu\i\ -ID-dB (vulse 
lengths ofihe tnuisducers with se<:ond niatchltig lay^^r*?. 



Amplitude RclatJve to Uaximum: -40 dB 
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Fig. IS. f^omparisoii of pulse lengtlis at various transjnttted beam 
amplitudes below the maxiTniini for HP 7.5- MHz transducers \vi\}% 

The main tlrawback to ^tiding a second niaichmg layer is 
acoustic cross-coupling beiween neiglihr aing element^s, 
which causes energy to be lost when the an^ay is steerec! 
off-axis ( roll-ofO^ From the investigation, we found that the 
roll-off at 45^ did increase slightly witii die second matchiiig 
layer. To gain a better understanding of how this would af- 
fect the 2D image quality and die color flow and Doppler 
performance of tiie transducer, cJiiiical trials were done. 

Further Clinical Trials 

Severed prt^ferent e c:iinical trials were done in-house and 
at many dUfercnt siteSt both vascular and mixed caidiac/ 
vascular. The main goal was to tesft the new version B linear 
arrays whit addeil sectJiid matching layers against the ver- 
sion B linear iurays witji<nu second niatching layers. In addi- 
tion, (dinit*al information was gadieied on the performance 
of these new version B linear sirrays versus the version A 
linear arrays and ttie competition's linear-array transitucers. 
The two main jueas of interest were the near-field resolution 
mui the color flow ]i)erfonnaiu:e, 

Thi' chnical trial results were very positive. A clear improve- 
ment in the 21) image quality was stn^u in all of the tests in 
which die version 13 transducer witli the second matcliing 
layer was compared to the versitin B transducers without 
secoiuf matching layers. j\n example is sliuwn in F\g. 16, 
wdiich shows two 2L> images of the radial arleiy iti the anu 
(0,5 cm deep). The flrsi image was taken with the version A 
7,5-MHz lirteiu array and the second was taken witii the ver- 
sion B 7.5-MlIz linear array. The nem-Oeld nnag(^ quality is 
much improved with the version 11 transducer, as demon- 
strated liy I lie clarity of the horiztjnlal artery neat^ tiie top of 
the right iKuid image in Fig, 10. Tlie color flow and r)ot>pler 
performmices were determined to be about equivalent or 
slightly better Tlie version B transducer with the second 
matching layc*r also perfonned well against tlie coin|>edtion s 
transducers. 

Fig, 17 shows a bar graph comparing the clinical ijerfiu- 
mance of the version A and B 7.5-MHz transducers with two 
(rompctllurs: die Inglier score indicates better perfonnance, 
t IViTidL the uear-lleld jiertniiiiaiue was iuiiuovetl, tlui,s 
achieving the design goid. 
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Additional Features 

bi ajcklition lo Uw shorter pulse lengl hs, ilie new linear aiTays 
have the ahility ro operate at two trequencies ^ a result of 
the m crease m riieir bandwidth. With sonie system changes, 
the HP 21258B hecame a 7.5/5, 5-IVIHz traiistiiicer aiid tiie HP 
21255B becmiie a 4. 5/^3. 7-MHz transducer. Tliis duaJ-frequency 
feature enhanced the performance of these transducers m 
addition to making them unique at that time in the vasculai' 
imaging iTiarkei, 

Mamd'aeturing methods were also improveci for Uie vei-sion 
B linear phased anays. Taking advantage of statp-of-the-arl 
assembly tetimiques in one manufacturing step resultefi in a 
threefold decretise in cycle time wliile making the process 
easier for the typeraloii>. 

Another feature that vtas added was the ability of the trans- 
ducers to image an exjjanded view. This new^ imaging foiTuat 
Is called trapeicoidal imaging and shows a much larger area. 
Trapezoidal imaging was de\ eloped outside the transducer 
image quality improvement project and is not covered in 
detail in this cuticle. A comj.uirison of a tyiJicai linetu- array 
image and a trapezoklal image is shown in Fig, 18. The ex- 
pai\ded view alhjws sonographers to see more of tbe larger 
structures such as the kidney all in one image. Feedback on 
this new feature has been extremely ptjsiti^e. (\istomers 




HP 21 258 A Campetilfir 1 HP212SSB Compel Jtor 2 

Pig. 17- CMjiical trial results shewing measured met preference for 
inmge quality of vascular perfomiance of approxinmtely 7- MHz 
transducers. Preference is meiisured relativt^ to the HP2125BA_ 



have rejjoited better and faster diagnoses with trapezoidal 
imaging. The trapezoidal imaging format is anotiier distinct 
feature of these new^ lineai-aiTay transducers. 

TIte ergononiic portion of this project was also very succes,s- 
ful Tlie size of the version B trajisdueer was reduced by 
more than 25% compaied to veraion A. New tral^le iecbnolog>' 
allow^ed smaller and lighter cables, resulting in a vei'sion B 
assembly that is two-thuds the \¥eight of version A. 

'n\e version B vascular Hnear array transducers are shown 
in Fig. 19. 

Coiieiu&ion 

In Jime of 1993, the two v-ersion B linear phasetl-array trans- 
ilucers were intrmluced at the Society of Va*^cuku' Teclmology 
atid the .\mericait Society of Eehocardiolog^v conferences. 
The trmisdiieers were welbaccepteii l>y ijhysicians and 
sonographers, iuid the order rate fot^ ibe vei'sion B htiear^ 
phased-aiTay transducers is several times that for the ver- 
sion A linear phased-anay transducers. Today these new 
v^ascular transducers are helping clinicians provide niore 
accurate ch^igntjses mtii improved image quality, improved 
ergonomics, and trapezoidal imaging fonnat. 
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Fig. 18. 2D images showing tliPberu?QlKt3r the trapezoidal fGrrnat. (a) Luu^iir-array forniat Hii Tniprx^jiVLLl frsnnai 
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Structured Analysis and Design in the 
Redesign of a Terminal and Serial 
Printer Driver 



The project team fett that the objectives could not be met with a traditional 
design approach. Structured analysis with real-time extensions and 
structured design provided an effective alternative. 

by Catherine L, Kilcrease 



TliLs pappr dt^srribi's the nsf* ot stnirtiireti analysLs witli 
real-Time exlen.sion,'s aiid simcturetl de.^ign in Iht^ redesign uf 
the terminaJ and serial primer driver for llie MFE/iX operat- 
ing system on the HP -1000 compt iter system, Tlie redesign 
project objectives were tt>: 

• Maintain the euneiii block mode performance (itie ntain 
mode of dalA transfer for termmal UO is to transfer 
characlei^ in blocks of data) 

• Improve IIP 3000 ti"ansaction processing performance on 
industry-standard lienchnnuks by 5% to 10*Ki through a 2TO 
to 40%reduclion in the lenninal driver path lengths 

• MaltUain the current level of functionality 

• tYocKice a higb-qiiality, supportable, and nmintainable 
product, 

Tlie jjroject team felt we could not achieve these goals with 
the then-current development techniques. 01:\ject-oriented 
methods were ruled out because of the pert'omiant c rt^qiure- 
ments. We elected to use slniclured analysis^ with real-lime 
extensions and structured design.- 

The Redesign Project 

The original driver was based on the terminal driver of the 
HP -MM) Ml*E V operating? system. During its design, specifi- 
cation of die terminal and printer stibsyst em was uncleai^ 
and led ro many f>rol>lems. 8in< e the original driver Itatl 
acMed many feature's since it.s Ih-si release, it wjis imptjmmt 
to liave a complete specification of the subsystem to meet 
the project goals, Stnictured analysis provided this. 

The original cUiver consists of seven modules tliat handle the 
I/O between the IIP :J0(>0 file system, the MPE/iX operating 
system, ;md the data t onmnniication and temiinal controller 
(DTC') (Fig. 1 ). There are two stoi^age matiagers. The lenni- 
nal storage manager provides tlie interface between HP 3()t)0 
file system read anrl write intrinsic < alls and tlie tenniiuil 
logical de\ice manager or hist write concat procedure. The 
serial jjiinte^r storage aimiager pro\1des tlie uitert'ace between 
HP 3000 file b'>'stem write intrinsic calls and the serial printer 
logical device majiager Higli-ievel VO is the old path between 
tht^ file system and the logical ile\ice managers. It genenUly 
handles non-read^write 1/0 (controls, opens, closes). There 
are two logicd device managers: one for terminals and one 
for serial printer's. Tlte logical device managers transfer data 
between the user stack mid die data comnnmication buffei^ 



lor rejids, writes, and contrfils. The fast write concat proce- 
dure processes writes receiveil from tiie lenuinaJ storage 
manager anci sends t hem to the terminal and serial printer 
device manager (il provirles a faster write |>atli for termi- 
iials). The lenninal and serial printer device manager com- 
nuinicates read, write, and control informal it jn to the data 
comnimiication and terminal controller (DTC") tlirough the 
Avesta Device Control Protocol. Tlie lower interface of this 
protocol is the How control manager Tlie How control man- 
ager provities reliabit* transport betwe^en tbc^ HP ;JO0O and 
the DTC by implementing a transport pro! ocol called the 
Avesta Flow Control Protocol Tlie storage managers and 
hist write concat procedure are invoked Ijy pj'oeedare calls. 
The interface between the other modules in I be driver and 
l!ie uperatingsysleni is message-based via MPK/iX ]Kirts, 
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Pig* 1. f JriginaJ driver arehitet.ture. 
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Fig, 2. Rfi^ripKlgitpri rlnvf^rareliitec lure. 

Patii iract^ iililit>r tracps of the original driver were aiialy/^eii 
to determine ^uod opportunities for patli reduction. The retle- 
sign archiiec'ture then iiR'oriJt>i'^i^ t^^J Lhe best reduction ideas. 
The performance improvenieni is gained from stre^^milining 
the path for the most commote 1/0 tFirough the use of direct 
procedure calls, and frotn a design ein[>hasizing efficient 
operation. 

The new redesigned driver consists of three modttles 'with 
three layers in each rnodide (Fig. 2). Tiie three layere are 
logic^aL device* and transport. The logical layer acquires tiie 
resources needed to complete the I/O request and transfers 
the data from (io) ilie usei- stacl< into (out of) a data commu- 
nication butrcr. The device layc^r iimullijs die Avesta Device 
Control [^'f^tucol. wiiifii is the meeliajiism to commujucate 
wirfi the DTI-, Tlie iTtUispon layer implements die Avesta 
Flow Control Protocol (transport protocol) and interfaces 
with the liAN driven 

Tl^e tliree modules in the redesigned {hiver are the fast I/O 
manager, tlie defenerl I/O manager, and the inliountl i/C) 
nicmager. The fiisl 1/0 uiaiiager is invoked by tive file system 
with a procedure call. It handles the most commonly exe- 
cuted I/O: reads, writes, and terminal controls (e.g., change 
speed, parity, ete.j^ It attempts to process each rt^quef^t to 
ci>mt>letiotL If it c^iirru>l comjilete 1lie processing because of 
the la«*k of stune resource, the fast I/O manage^r will block 
until die resource is available. Lf tlie I/O cajutot be Ijlocked 
(i.e-, it is no-wait. I/O), then the fast I/O manager sends the 
I/C) lo the defened UO manager. If tlie request c^annot be 
compleu^d becauHc the "wijulow" is closed at the transport 
level, 1 he request is also sent to the deferred I/O manager. 
Tlie deteniHi I/f ) manager has a mt^ssage-based int erfacc*. It 
handles deferred requests fnim I hi' fast I/O nuuutger and I/O 



requests that are made througli the '*old*' high-le^'ei 1/0 path, 
such as open, close, and preemptive i^Tites. The inbound I/O 
manager also has a message-based interface. It receives in- 
boimd packets from tJie L4N driver. If the packet is a reply 
to an L'^O request, tlie inbound L/0 manager sends a message 
to either die fasi I/O manager or the deferred I/O manager, 
depending on whic^h of the two iniliated the request. It also 
handles asTOchronous events. 

Software Life Cycle 

There was some concern that stnicmred analysis and struc- 
tured design dwnimenls would not fit into documents pro- 
ducecl by the product life cycle. With our recently re\ised 
life <*yc)e* this tiinieti out to nol be an issue. Our software 
product life cycle contains the following phases and prtsduces 
the following lab dactmients: 



Phase 

Proposal 
Investigatitjn 
Developnieiii 
Specify 

Design 

Integration/Test 

Support 

D iscon tinuance 



Method 



Structured 
Analysis 

Structured 
Design 



Document 

Investigiition Report 

Extenial Specztfication 
Internal Specification 
Internal Design 

Test Plan 



Tlie external specification document tlestribes tiie envlnjn- 
ment in which the t>rcjduc1 operates, the bmciiotuil cai>ahUl- 
ties of the product, and the details of the product's user 
inteiface. The intemal .sjieciH cation desc^ribes the intenial 
rtMjuirements rjf tlu^ system ^uid tlie internal interlaces l>e- 
1 ween ihv syslcMii comfxjnents. Tlie ijiternal design contains 
the complete detailed description of the algorithms and data 
st nictures to be used in the implenu^ntation of the product. 
The test jilan tmtlhies the tyjies of tc^sts to he used to guiir- 
anUM* (he quality of the finLshed t>rofluct upon release from 
the lab. 

TVainijig 

There are foiu' groups of people whf) need training in stnic- 
tured iuialysis: development engineers, inspectors, online 
and offlhie support engineers, and maiittenance engineers. 
Training in stnictuixxl design for the nondevelotJment engi- 
neers is nol necessary. Tlie st nurtured design docimu^nt 
cotntHHients are easy to compreheiul. The [project tea!n look 
a clas.s in stnuf lured ajialysis with real-lime extensions iuul 
stnietnred design at tht^ start of the project diuing the inves- 
tigation iihase/' It would have becMi heljjful to have hart the 
training and stJine expc^ritnu t» with the rtiethud iH'foie the 
stai1 of the project. The stnictured analysis training for die 
nondevelfjpment engineers was develojjed hy thf^ project lead 
dtiiing die stnictured analysis phase before inspection of tlie 
internal specification. 
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► Data Flow 

►■ Contra I Flow 

Fig. 3. fMTa flow dia^nuiL 

Striictured Aiialy?#is Overview 

Stnirturerl ^uialyfiiiy is X\\\^ ut^e of t.t:>ols to jinHiiue a Hlnic- 
turcd systein fimctiona] spetntication. A stnictureci specif- 
elation is easier to read aiid mideretaiicl Than the t-lassical 
textual fuiiclional sj^eciil cation t>erause it is graphical and 
contairLS many small .spetifi cations. The system is broken 
into small unciersitindabie pieties, Tlie tools of structured 
analysis can be caiegori/.ed into five riuictions. Tlie redesign 
jirnjert nseil ;iii exterLsiortofstnrctured ^uialysis for real-time 
systems. In stnictiired analysis processes are independently 
data-triggered and infinitely fast (i.e., a process will transform 
the data when the d;ita is present). Real-time extensions 
(i.e., (he use of control information ) allow the system to 
take other factors or eontUtions into consideration before 
enabling or disabling a process. 



Function 

Partition tJie Reqiiirenients 
Describe Ix>gic and Policy 
Show the FloAV of Control 
Describe Control Processing 
lYack and Evaluate Interfaces 



Tool 

Data Flow Diagrants 
Pi'ocess Sperifi cations 
Control Flow Diagrams t 
Control Specificationst 
Data Dictionary 



flow diagrams shtue tht^ same characteristit s and relation- 
ships as data flow ihagranis except that they deal with con- 
trolluig the system. They show the flow of control in tlie 
syste m . A co 1 1 trot speci Heat ion v\ > 1 1 v t ^ rt.s i n [ u 1 1 c ( ji 1 1 ro 1 si g- 
nals into ouii^ut control signals nr iJito process rtjntrols. It 
has two rotes: one to show how eontrol is i>rot^essed, and 
the other to show how processes aie controlled (activated 
or deiictivated ). The data dictionary is an oidered list of data 
and control flow names and data anti coi^trtjl store names 
and their definitions. Data flow tliagran^s and eontiol flow 
diagianis c*an be combined together into one diagram. 

Figs. 3, 4, and 5 illustrate die components of stmt*tiired analy- 
sis with real-time extensions. Fig. rj is a combination data 
flow fHagram imd control flow diagi';;un. Tlie sohd arrows are 
data flows, the 1 iroken an'ows are eontrol flows, the soOd 
verticid bars aie state matrixes, imti the circles are processes. 
The firish_read pi"ocess transfonns the device_read_reply (indica- 
tor that read data is ready) and the read.data (buffer of data 
inpul by I he user) data flows into die fogicaLIO_reply data flow 
using inlonuation From logjcal.j0_info. The fii^ed huffer flows 
out (unused^buffer data flow). The data dictlonao' entries for 
tlie data flows are; It 



Tlie data flow diagrams show the nia^jor dt^composition of 
function arid the interfaces among the pieces. Tliey show 
the flow of data, not control It is thesy.stem from the data 
point of view. Process specifications document Uie internals 
of the primitive data flow diagram processes in a rigorous 
way tlir<3ugh the use of stnulured Koglislu decision tallies, 
or decision tiees. Tliey describe the rules <jf data triuis- 
fortnation and the policy, not the implementation. Control 

t Real 'lime ExLensions 



device_read,reply (data fbw) -- 



^read reply Jrom device layer to 
^logical layer. Cantains read status, 
*len9ih, and data pointer 

status 
+ length 
+ data_po inter 



1 1 Heie Ihe asiensks indicate CDmmEnis, tHe sqiiare brackets rndicate a ctwiCE of dhe of trte 
enclo&ed tlams, the vsrticaf bar mean!? OR, and the plus sign meafis AMP TC means lamiingl 
cpntral OlO is quiesce 1/0 fflusti outsiandjog inpyt/output and wait for compfMiDni RID 
means request idantificaiion nutti&Ei, and no is terming! I/O 
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FiGM_£levice_IO_replv (data ftowl = [ device_rea(l_repl¥ 

( device_wrile_i'eply 
I dewce_TC_replv 
I device. preempt wntB_replv 
1 



FfOM Jogieal_repJy (control flow) - 



logics IJQJnfo (data fbw) -■ 



fogitalJo_rep1v fdBta flaw) : 



[ logicalLread^reply 
I logicaLwrrte^repty 
1 lQgicaLTC_ reply 
I logical_QfO_repfy 
I logicaLdiscannect 
I logicBLaboit 
I 

FI0M_IO_pend)ng 
+ FIOM^IO_wart_poit 
+ DIOM_tO_pendrng 
+ logiGaLRJD_pencting 
+ fogicaLabort_RID_pending 

-- [ logEca1_read_reply 

I lDgical_QID_replY 
I togical_TC_reply 



read_riata (data ftow)^ 



bLfferJD 
+ read_status 



Tlie process specification for f[nish_read (Tig. 4) describes 
how data is transfoiTiiecl, Control information is a little trick- 
ier to uitderstand. Fur example, tla* FIOIVI_devJceJ0_feply is 
trat^sfoniied into a control flow, FIOMJogicaLreplvT by the 
classifv.fogicaLrepfv process shown in Fig, 3. The control flow^ 
enters the stale event niairix. FfOM^IogicaLcmpLSEM. The state 
event matrix has mentor>^ that Is, ii renieinhers ihe state of 
the fast I/O manager. From the F10M_logical_cmpLSEM evejit 



mm: 

Z3J3J 

Tmf: 

IWPUT/OUTPUT: 



UifcrHtd birlTer - tftU «ft 
I^icbI iG.Liria ila!a_iiifHfl 
la§i«al.1CI„replT dvti out 

Bmft 

imnfir dtta (if inyj tj> ilsstiiUPtwn. ^rog NdbBfH^v pr^cffssnig ud freefiig 
luimtad buflers dtiniig ttit tFatstcir; 

i«&d loficalJQ_ntpl|' witfa sttctus htim ttnieti. r«dd . reply ftf r«ad data msq, 

fig, 4* Process speciiicatJoti for process f\mshjs^. 

matrix (Ftg. 5), one can see that the finish_rBad process is acti- 
vated when the FIOMJogicaLreply is a lDgical_read_repl¥ and the 
state is read.pending. Empty l>Dxes indicate error conditions. 

The Project and Structured Analysis 

During the investigation |)liase, the teatti considered five 
diEferei\t architectures. The final architecture is a refined 
vei^ion of one of them. At the stait of the development 
phase, we needed to start the specification of the system, 
defuie the architecture, determine the changes that were 
needed in the TR> support modules and operating system, 
and update the investigation report. Detenuimng the 
changes we needed from the MPE/iX openitmg system lab 
ajiil the pr<:iject that handled ihe driver coungiiratifJti mod- 
ules would have tnade more sense in the design phase and 
not the speeificalion phase, but it could nor wait until then. 



FIOM levies I. empf.S£M 



^"^-.,„^^^ event 


HOM^togtcar rvply- 
" lag ica 1 . read repi>''' 


FIOM logicaf reply = 
"lopicnl wnte fepJy" 


flOM logicat reply ^ 
"logical TC, reply' 


FlOM logicar reply ^ 
"toqical QIO reply" 


FlOM togieal reply ^ 
*' logical, disconnecr 


FlOM fogipeJ. reply = 
" log ical_ abort" 


cIpswI 














Dpen.pefiiifng 














Mlc 




fintsli^wrelv/ 
idle 






do discc^ntiect/ 
cl(rsD_peiidiEig 


do BbOTt/ 

idk 


r^Bid pending 


flnjfli rsad/ 
idin 


idle 






d{> disconnect/ 
close pending 


do. eborV 
idle 






ttlO.ptndifiB 








fthisli_0|fl/ 


do, disconnBcl/ 
i;tiifv_paiiditig 


do BbflrV 
idle 


T|^_peitdjng 






fii^i&li TCf 
Idle 




do. d'l&cDitneet/ 
clo»i pending 


do tbort/ 
idle 


clq$D.,pefidiiny 














clDsa„tkiiii>i runniDp 















Note: If an eniiy is blank, Jtis an ' i nip os^i bits' csndiiion wtiich should net be enccumered due to subqueue restraints, eio. 
IF die condition is hit, error code (nol shown) wilt take appropriDte action. 

Fi^. 5. Stah><^v..nT nicitrix. 
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Fig, 6, Comi^Nl (Jfa^ninK 



We gtart ed stnictured analysis using the fragmentation lecti- 
niqiie. TfiiH technigvie sett^cts a set of inputs and outputs and 
creates a fragment model of processes thai transform that 
set of data. The eoniijosite inoilel is ereateii by groujjiiig (lie 
fragni ents. We t r I ed 1 1 j k ee] ) Ti i e sysf e ui sj j et i Qia 1 1 r h i h ej m- 
rate from tliemxiute<*tiire. We tiroke tliesysleiii jnio pail.s 
based on tlie type of I/O, For example^ <>ne fragment mod- 
el<?d the read path. It sperified what happened witli read 
requests that were processed completely without blocking 
for a resource, read requests that blockc^d tor a resource 
(such as a datacomm buffer), and read requests that could 
not be processed because of a lack of a resoin'ce but could 
not block (uo-wail read). The last tM>e of lead request could 
noil>e pioccsscd in aiirocetlmeeaJl environment, hut needc<l 
to be tiarulled in a message-based environrueni (dt-trned I/t> 
manager) so iJiat the user process c^ould continue miming 
even though the read request had not been completely 
processed. 

It became hicreasingly clear wiien we trieil to tie the stnie- 
tured analysis fragments together that not taking the archi- 
tecture into consideration was a prohleuL The goal of the 
redesign was to im]nove the perfbrnrai^ct^ while maintaining 
the same tevel of fiinctionality. We liad f raptured the func- 
tionality of the driver m our fi'agments liasc^d on ty\w of I/O, 
However, each ft^agment containefl fast paths (Cust in rerms 
of nmnber of instructions — the fast path ct>uld block on a 
resoun^e) and slow^er paths (required tJie message-based 
hit erf ace, which is much slower than a procedure call inter- 
face), II was difllcuil to figure out how" to combine all the 
fast paths» whicli were spread oul a<TOSS many fragments. 
This is where one tn^jor difficult^' with stnuiured analysis 
aiiose — ^liow^ to relate die hmctional sjiecifi cation to tlie archi- 
tecfurc. Tlie airhitectiire had been selectetl as the best way 
to achieve the perfonnmice goals. W'e felt tliat t(i create the 
specification without consideration of the architecture 
w^ould make the design phase more dif^cult. We stopped 
struct lu^ed analysis w^ork for awhile, and concentrated on 
completing the arcliitectiue. Hat ley and Pirbluu'* helped us 
resolve tlie arcliitecture-versuS'Specifieation dilenmia. 



Viewing the systein from the data point of view carried over 
into ourpiirjilki architeclure discussions. At one |>oini, we 
physically simitlaled data flowing through die driver using 
pens mid erasers iis tiata and j)e(jple as modules. TliLs helped 
us \1suallze the inteiiace operation antl problems that tuise 
frooi a mixed t>roeedural and message-based en\1romiient. 

For compk^x areast we used existing code wherever possible 
to derive decisioti trees and state transition diagnims. As we 
became nuire comlorlaljle wltti struetureci analysis, we were 
able to assign work to each menil>er. .Material was reviewed 
and discussed at project meetings. 

One asj>cct of stnicturcd analysis is the itcrati\'e nature of 
the met hod. One makes a nrsi pass al the ilala How riiagram, 
and Www discards or revises it itiilil satislled. Once we felt 
satisfies i with our inThitecture, we set aside our okl stmc- 
tured analysis work and started agahi. Tliis nme our ap- 
proacli wiis to use structured analysis to specify the system 
given the architecture instead of specifyuig the system inde- 
pendent of the architecture. W^e felt this w^as necessaiy to 
meet our peiformimce goals and to help clarify the uiterfaces. 
Where beftjrc^ wc based die spccitieation cm the type of ]/0, 
this time we based the specification on f^ist (able to com- 
plete witliin the driver}, defcn cd (needs operating system 
help to complete), or inboimd paths. Using the daia inter- 
xiewmg technique, we stalled with the context diaj^am 
(Fig. 6) and the level I and 2 diagrams (Figs 7 and 8). Tire 
level 1 diagram has ihret* processes: OlOM, ROM. and IIOM, 
wiiieli make up the redesigned driver The level 2 tliagrams 
(of which Fig. S is an example) have a process for ea(*h layer 
of the ai'cliireetiire and some geiieral utiUt>- ijrocesses. After 
these diagranis wert^ done, we broke the work up by jiro- 
cess. We were able to use many of the diagrams fioin the 
earUer structured analysis w^ork. 

When reviewing data flow diagrams ;ind process specifica- 
tions, issues, questions, and problems w^ere easy to detect. 
They tendetl to stand out on the diagi^ms. It was easy to see 
if data was mi.ssing or wrong or hadn't been iniliaiized. For 
example, in the finlsh^read process specification (Fig* 4), 
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^ i 



F!g, 7. [Jriver (evel 1 fliagram showing the lltrce major rriDtlules: rhc fast J/0 manager FIOM. The defrrn ri I/O manager DIQM< and fhe JntMititHl 
]H ) rnatiJiHi-r HOW, 



unused_buffer w;ls a daUi llow ont of fhe process hut thp 
buffer wasn' I fretMl hi the first tirafi of the sperifieation. We 
kept a list of issues aiul questions and their resolutions 
daring the siriiclured imaJy.sis prot^ess. 

A laoiitii before the pxteiiiaj spcciilcatiori was due, we 
stopped stnictiiretl analysis work and concentrated on wril- 
Ing the extemiil siH'(.^iriratioti doctimetit. Much of it was 
taken from existing doriinieiits siutc our at-jper atid lower 
interfaces dicln*t change. The lop-level sLnictiired analysis 



diagrams (see Fig. 6) were usetl to delertiiitie int erfaces antl 
to heljj defitie the Tit) support and operating syKteiti 
changes that the driver i^tiired, 

OrigitiaJly, we did ttol have ati ititeriial specification m otir 
pUuLS. tlowev<'r, the iutcnial design was appropriate for the 
slnictured design but not the analysis, ajid we needed a doc- 
tjinetit for the struct ared c'^tnalysis work. Therefore, w^e split 
the (lesigjt peri<jd into two periods and added m\ internal 
i^eciftcation docuitient , The intennU specification contained 
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a l>rie}'iutr()(kiclioTi iibfjiil the context diagram and dt^scrip- 
lion^i of the tnterfaceH. The rest of the dnrunipiit was gener- 
ated using Teaniwfjrk; i^ sofi vvMnMool [nv stnicTured analysis 
and stnirmred design froni Cadn'^TtH'hnokigips, Ine. 

Struetured Analysis Reconmieiidations 

Data tlovv diagrams generaOy "feel right or wrong." Tom 
DeMarco ^ encourages engineers to throw away diagranis 
several Times. Tfie use of slnictiued mialysLs to specify a 
system naturally raises the questions that need to be 
answered about Ihe product. 

If we had to do it aU over again, we w^ould liavc^ resolved the 
arcliitectm'c-versus-striict ured-anaJysis proi jlein earlier, aiKl 
not tried to do stnictiued analysis \\\\ hou{ c<Jnsidciing the 
architeeture of tiie system. We did not use the approach 
outlined by Hatley and Pirbhd/^ but we did use something 
related io it. Tiierc is a fine line between considering llie 



archilecture and including <iesigTi in Ihe sf>e<incation, Be- 
<'atise this w^ls a redesign and [jerformance was im]>oitant, 
we hnd already analysed (he original driver !o find opportu- 
nities rorstiorieninj^ the]m!h lengtlis. fhese tipportunities 
needed to be jncoqiorated into the design- We didn^t know^ 
how- to do that at the design phase if they weren*t inc*lirded 
in the speciOcation as well, so we put l.fie architec^ture ii^ at 
the top levels of the specification (fast I/O manager, deferrcni 
I/O manager, inbound I/O manager J. 

We should have spent more time keeping the data dictionaiy 
entries up to date. All through llie project, the lack of atten- 
tion paid to data definitions was a m^jor failing. The data 
needs fo he de lined as the diagrams and process specifica- 
tions are cieaied. Data dictionaiy entiles thai were related to 
data stnictures in the original diiver w'ere e^isy- However, we 
did not alw^ays tyiie in ttie complete definitions, Wv <Jid not 
document new data dictionary entries rigorously imd tliis 
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weakened the entire data dictionary. We would have also 
planned time for the internal specification, its inspections, 
tind the rework in tlie sctiedule, 

Striictiired Design Overview 

Design is the proc ess of trmislonning the s^pecification of 
what must he done iiit(j (lie plan of how it will be dont*. 
Classical tlosign prodiices a narraiive docimient with some 
graphics. It startii with the procediiial characteristics, Infor- 
maticm is often repeated throu.iTlKjnt lite design dornment. 
and the docnnient is generally iu>E sp(^ritlc entnigh. This re- 
sults in some des^i improvisation daring implernentation. 

Structured design intiodiices stnicturearui gmphifs it^to die 
design process to cope with the kirgeness of 1 he system. The 
goal of stnictured design is a highly mainiainal>le, (compre- 
hensible, anti easily tested to[Mlowii design. The system is 
parti! it uied imo coni|)onents widch interacf to achieve the 
riincljonahty of the system. 

To create the stiiictiired design, tlie data flow tlii^grain pro- 
cesses are grouiied inio pnK*esses that deal witti inptits. deal 
with rnitputSt transform inputs into (nitpiit^s, or hamlle (ituis- 
actions t>etween hifmtsand outpats. Modules are dun\ 
created from fliese groups. Evaluation aj\d RdlmMnent teeh- 
niques— called cohesion, coupling, and packaging— com- 
plete the hnikling of the documents. The stnicture chart, 
design tlictionary, ajul module s[jeci Ileal ions are the docu- 
ments produced through this process. A sOiKlnre ehar1 
shows the basic components (modules J and I heir inteifaces 
in a top<iown graphical manner. TI10 design dictionary de- 
fines the interfaces. It uses similar Uiiiguage lo the datadic- 
tionjiry of structured analysis. The module speciluations 
defiju- the protvilnral pm1 of llu^ ficsign antl the seqnerK-e of 
interactions. Bach module specifu^atifjn desciibes wliat pml 
of the stu^ci Heat ion is being satisried, what the module 
needs to eommunicate, and how it perlVinns I he fundion. A 



Fig. 9. FTDM structure chart. 



module specification is written in stnictured Enghsh, as a 
decision tree or table, or as a state transition diagram. 

Fig. 9 shows the fii'st structure chai1 for the fast I/O man- 
ager Tliere are a main module, some utility modules (e.g,, 
UT_get_s1), and device-specific modules (e.g., F]OM_handle_ 
terminaLreqs) which eventually led to the FfOMJogicaUevet 
module. Fig. 10 is the module speril") cation for the fast 1/0 
manager morlule. FtOM. It shows (he sequence in whicii the 
other modules ;u^e culled, Desigi^ diciionaiy entries look 
similar to data dictionaiy entries. 

The Project and Striictured Design 

Once we had finished the inlemal specitlcatiotu it was lui- 
clear how Lo derive tJte stnictured design from it. We decided 
on the following ajiproach. Each stnielu red aualysis process 
was turned into a module. A hieran Int'jil stnu ture wasde- 
velfjped for each level by '*proiuoting a t>r>ss" uv "hiring a 
boss" module when neceasafy'. Contparing the fast 170 man- 
ager data How diagram (Fig, 8) with the fast I/O manager 
stnu'ture chart (Fig, 9), one can see tJiat the FIOM_main mm}- 
ule IS "hired as a boss" (created I to handle semaphf>res and 
to call the FIOM_handie_terrninaLreqsatKl FIOM_handie_printer_reqs 
niodules-t 

When ihe rough drafts of the structure trh;irls were ready, 
they were etUered into the Teamwork tooL The team then 
determined what each module does atul knows. Tfve next 
step was to walk through the desigrt and be sure if works. 
Tills invt)lved tracing t^ach I/O througfi the design to be* stire 



1 lyote Snme nf the process namea are capitaNzed or sjjel tett ditfemntiy in figs, fl, 9.. ID. and 1 1 
and m fhe taxt nf fhts paper. Sama names dfd change beiwean the strudured analyjiut ducu- 
mnni ^nct (he siruE^tufed design document In the madulB spscificaHoin, Fig. 10. tlie t^inesr 
chose tfjcapiraliie the functian codes, tetiuest typas. a/id pfocedures calfed In Rg. 11, the 
nBtnm aracapiialized faecaDsa the ct^drng convGoripn That was followed capitatized prncedure 
calls. ThsMPEyiXopeffilmg system is case inasfl&iti^^. so the differences are insignificant 
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NAME: 

TITLE: 
FIQM_rnBin 

PARAMETERS: 

SM_DB 

SM arg list 

LOCALS: 

request 

hiatus 

GLOBALS: 



I •*** •• • I n < ■ •*• tm ***** **^*¥********M**»*m »*tm ■•«< 



Calling pHrms: 

SM^CB — pointer w SM conuaE bJock 

SM ar^ Irst — pointer to stcrrage managcf argymsnis 



. i. *4 «4# (Ht #<t ** « • 



TIO„Ce := SIrt GB'^.Kvrt cb, ' ysed to bo ta^ write cc^nlrol block * 

case SM . af g_Hsl'^ .sm _Qeneric pa rms .f unc , code of 

SM READJN: 
laqmn ^ READ„REQj 

SM. WRITE FN; 
reqtiesl:=WBET£.REQ; 

SM CONTOOL FN: 

iMSM. BrgJiEt^srT1 canifDl paims_t* lEmiiofll qqri'lrol * <> TC DUI£SCEJDf 
request :=TC. RE 0: 

ot&Q 

request:=DIQ_nEa: 

SM DEVGONTRGL FN: 
request :=iTCfl£Q; 



* since tins is Oie FIDM. and FIOM onlv handles warled l/D. slwavs, block ' 
' U necessary i^ get semapliores ' 

status := \n GET SI jFIDMJRUEh 
ifJ5Jatus^>TEUE) 
'' error, log and exli ^; 

stHius:=UT GET S2 [FIOM, TRUE); 
rf (status <>T RUE f 

'errnr, log and ejcit "; 

H(TIO„CB^ device t/pe= • lenpinal *f 

status ;= RQM_HANOLE_TtRMfNAL BEOS [request, SM ara.list)f 
nhft 

status .:>inOM_NANDLE_PRItUTiR.REQS (request SM ergjist]; 

ffitum .status ^ MAP .TO„aS_STATUS (status): 
UT_FREE_SEMAPHORES; 



begin { rd fic»m j^ 

trv 
beginfTrvsecHon} 

Tie cb := tie cb ptr tvpe( flom^ cb_ptf L 

I i}!idex;=a; 



t 

{ Tbe FIOM only bandies bJocked 10, always btock 
{ rl necessary to alMaJn semaphores 

{ 

if I CUT GET St ilio cb, Fimnk ) then 
if i CUT GET S2iiio.qp, Fi&m) Itben 
it j riol Die eb'^ device.type.printerl ) iTven 
{lemiinat } 

status := FIDM_HAWni£.TEBMENAL REQUESTS 
\ sm arg_tisl_ptr_ijarg.list)l 
eJse 
{ 



^ FIOM HANDLE PRINTER. REQUESTS 
j psm.pafTiJ ptr 14 arg list)^ 
eise 
begin 

{""LOGSZermr****) 
stattts := Bitd slalus: 

Ijia^starusjni .siBius-Stnttts code ;= tnternal ern 
I tic statu s.intstetus.layef .:i MBin_laye'r. 
l_lio_statttiSi.ini slalus.proe niimber:=Pn_tio.linmr 
l_tiD^stBtusJfil..siatU£.locaiiofi = Di; 
r.tto stslusJnt siatus.tiiu. flag -False: 
Li*o_staiiJs.oxt status bpe:? status; 

CUT LOGMSG Dio cb, 

I tie status, 
Main.Jayer, 
Fiom 
k 
end 
else 
begin 

status 1= Bad status, 
{**«UOG SI error *'**} 

l_tiD_$t9ius.i4n $Eatus.stf[lus code := loiemaLerr; 
I. .tie stBtus.int_siaTus. layer ::± Mr in layer; 
t_tio_slalusjiit status. proc .number := Pn_tio_1iofn; 
Ltio.status.intsiatus. local] on :^ 1; 
I tio , status. int. status.i li _fla§ := False; 
l_tio_slfltus,exl status bpe := status; 

CUT.LaGMSG(tio cb, 

Lt>Q_£talus, 
Main lay ef, 

Fium 



\: 



end; 



CUT_FBEE_SZ|tio_cb|; 
Ct;r_FREE SI (tie cbl; 
end; { Try section \ 



Fig. 10. FIOM niuduEt' ftpi-finrraiion. 



begifi { Recover section } 



that the right infomiation wtis available to tl\e niodules, aiid 
that the aioflules wert:^ dtjinj? the right things. Dunn^ the 
eiith'e process, ninth lies were collapsed when it was retison- 
able. We did not do mtich evaluation of rhe inierliK-es (data 
coupimg or eohesh:>ji) bccansc of a lack of time. Tht^ inlemal 
design document contained only Teamwork structure charts 
aiTd module specitlcations. 

After the internal design was Inspected and the rework com- 
pleled. w-c w^orked on defining rhe procedure declarations, 
data structiocs, softw^are conllgnration ffde slrticture), iuid 
coding standards. The module specificatioiLs were The basis 
for the Pascal procedures. Coding was mainly a matter of 
converting pseudocode to Pascal. Fig, 1 1 l^ the outer block 
of the fasl TO manager module. Comjianng this lo the fast 
I/O manager module speriii cation. Fig. 1C)h one can see how 
closely related lliey are. Tlie code adds more dettiil to the 
module specification framework. (Pig. H) also illustrates a 
problem we had with module specifications: many of them 



case ESCAPECODE ot 

athiBrwis^ 
begin 

I.Tio status.ini stains, status code ;~ Externa I _crr; 
l_Tio_siatus.ini_3tBiiis.layof :± IM^irt layef: 
I tie status.ini stelus.proc. number .= Pn.tio.riom; 
Ltio_staiusini ^status loc^lioti =^ t 
I tie . sf Bius.ifi [ . status. II i o ^f I ag :.= Fa tst; 
|_tjo_stalus-ext_ status bpe:=bpe_ statu s^ESCAPECODEk 

CUT^LOGiVISG 1 tio cb, 

|_iiD_5lalus, 
Main^Jayer, 
FJom 
!: 
end; 
end; 

e^d; { Recover section } 
end, { tiojitfm } 



Ftif. ll,FIOMcide, 
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were too code-Hkp. The case statement is an iinnece^iary 

level of (leiail. and is actually not carried througli into the 
code since the afg_list is passed lo the HANDLE procedures). 
Analysis of the code shoot's a S3% reduction in code si2e 
compared to the original driver. The reduction comes from 
die reuse of prfK-edures a^ a result of structur(*d design, and 
fconi a stnichire that alltjws conmioi^ routines lo be shared 
betweet^ rhe DIOM. ROM, and IIOM nifxiules liLstearf of requir- 
ing one copy per module*. In the imgmal driver, thtre was a 
logiciil de^1ce manager for tenninals and one for serial print- 
ers. hi the redesi^ed driver, the fast 1^0 manager and def- 
erred I/O manager are able to handle both terminals and 
serial printers. 

Structured Design Recommendations 

In general, not enougli at lent ion wa.s paid to defining design 
dictior\ary entries or data structures. Structui-ed design 
added the next level of detail Hj the design from the specifi- 
cation. It vt as easy to de\'elop the design from the specifica- 
tion once we had oiu" approach. We occasionally created 
module specifications that aie too much Ukc code. Module 
specifications are not meant to handle the smtill details that 
are best sitited to cothiigf but to tlefine how the ftinction is 
perfontied. If too much attention is paid to code-like cJetajls 
less is paid to how the specification is to be hnplemented. 

If we had to do it all over again, we wotild have paiti more 
attention to the interfaces and better defined the data pass- 
ing Ijetween mtxiules. Since we were using a lot of existing 
interfaces, we did nof put the time into the data or tlesign 
dictionaries. Ttiis meant that the data elements were poorly 
defmed. since we tended to asstmie tit at everyone knew 
how the data was defined. We would abo Itave developed a 
module specification standard to create cortsiJ^teticy <md 
avoid variatitms in the degree of code-like English in the 
iiiteniai desi^i. 

Inspc^ctlons 

The ijii(*riuil specification retjuired some basic structured 
analysis training for the uispections. This Wtis tiecause of 
the graphical nature of the diagraiits mvd live decision struc- 
tures. TIte internal design (stnirturcd design document) was 
easier to understand since i1 consistetl of stnicture charts, 
pseudocode, ^md data descriptions. Inspect itJUs were done 
by a dei)th walk through tlte processes anti heru^e concen- 
trated on jurc*hit:ectm:al levels as opposed to interfaces be- 
tween levels. TIh' inspetiions chd an excellent jo t> of i^hetk- 
in^ foj^ functionality and design flaws, but were weak in Uie 
area of httert'ace checkuig* 

The oiiginal ciriver Intemal design documents were narrative 
with some state transition fiiagraitis. They were much shorter 
than the intertial specification ;md intemal design created 
with stnictured ruelliods. l*ast reviews of project documen- 
tation (exletnal sf>*Hn Heat ion. inrenial specification, intcntal 
design) took place at otie 2 to-Ahour meeting per docunu^nl . 
Since the stnict ured docuntents were larger and contained 
more detail, il took abrnit ;^00 engineer-hours to mspect or 
review tlunu. The t>iirficl()ants felt that thr jcviews tjf the 
intemal speciilcation ajai internal design (stnicttired analy- 
sis nnti stnictured de*sign documents) were very valuable. 



The material was much easier to inspect for completeness, 

correctness, and functionality than the narrative intemal 
spec*incation aitd mtental design documents. 

Schedule 

There is a cottceni that using structured analysis and stnic- 
tured design has a large intpact on the schedule. The nega- 
tive hupaci of stmctured analysis and structtu*ed desigji on 
our schedule consistcni of training lime (two weeks) » time 
spent beconting familiar viiUi stniciured analysis (one 
month of mtemtittent stmclure^i aitalysis). and longer In- 
spections. A positive result of using stmctiu-ed analysis and 
stmctured design is thai each step is a progression from the 
last. Each document is btiilt on tiie previous doctmient, un- 
hke the classical design in which each doctmient is not so 
closely tied to earlier ones. The effort required at each 
phase was less than the one before* and was mainly directed 
at adding more details. Tlte positive impact of structitred 
aitalysis and si mc Hi red design on the schedule was shorter 
test cycles. Nonregre^ion tests were passed ahead of 
schedule. 

Results 

The retiesign project impro^'ed block mode perfomtance 
and acliic^ ed a greater than 30% reduction in the temiin^d 
driver path length. Tlie code passed all fimctional tests in- 
cluding 24- hour and 72-hoin" nonr egression tests, 75% of the 
testing errxiirs were codhtg errors. Tl\e m£\iorit>" of the re- 
maining defects were fomid m areas that were knowti to be 
weak from the design and inspection phases. The engitteers 
valued learning structttred methods and lools tJOth tor the 
quality and completeness of the design and tiie acqtiired 
skill set. The* project temu believes that the design of tiie 
new HP 3000 MFE/iX tenninal and serial iirinter thiver woidd 
not have been accontplished in the same mnounl of time 
with the same amount of thorougluiess by the traditional 
design t(*chniques. 
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Data-Driven Test Systems 

In a data-driven test system, all product-specific information is stored in 
files. Within a product classification, the test software contains no 
product-specific information and does not have to be changed to test a 
new product. This concept lowers new product introduction costs, 

by Adele S, Land is 



In today *s competitive marketplace, new protlucts must be 
designed, manufactured, and delivered to customers in an 
effective and timely mariner. T\m Is the only way to maintain 
or create a desirable market share. At the IIP Santa Rosa 
Systen^ Division (SRSDj, the introduction of anew product 
from the research and development labojatoiy into a pro- 
duction environnienl is called the new product introduction 
cycle. Tliis ijitroduettnn t ycle am be lengthy and expensive. 
One of the niosl critical and lime-consmmng phases in the 
now product introduetion cycle is the development of the 
electrical test process. 

The electncal lest process is that p^trt of the manufacturing 
cycle that verifies t hal the product meets published customer 
specific at ions. The electrical tesi process is a combination 
of maim tact liring resources, including: 

• Test methods for doing eacli test that verifies a products 
specifications 

• Sf^iftware that properly implements the testB 

• The equipment necessar^^ to perform ihe test methods 

• Measnrenient integrity, which includes traceabilily, error 
analysis, and calibrations 

• Docinnentatioir including test procedures, test support 
documents, and the like 

• Training of manufactunng personnel 

Pig. 1 shows an average distribution of the time spent on 
these resources for a group of electrical test processes re- 
cently developed at SRSI>. The sfjftware portion of the pro- 
cess tentis to be high liecause the di\1sion is moving rowai'ds 
completely automated testing. 

Analysis has repeatedly shown that designing the test soft- 
w<ire by product classification rather than by individual 
products can result in large cost and time savirtgs during die 
develoi>n^eni process. A product classification can be defined 
as a group of profiucts tJial have similai' block diagranis and 
requiie the simie \y\>e oft testing. Some of the different prod- 
uct elassifi carious that aie maiuilactured at SRSD mv net- 
work analyzers, spectrum analysers, scalar anal>^ers, 
oscUlators, amplifiers, and mixers. 

Historically, production test software wns written for and 
dictated by s|iecific products or models. When test softw^are 
w-as required for a new^ prodiict or follow-on model the test 
softw^are was impiementerl or le\eraged in a product -specific 
manner as shown in Fig. 2. TtUs approacti required continual 
introduction and/or reworking of the lest softw^are. The 
greater the number anti variety of new^ products, the more 
time imd softwaie weie neecJed. .AJso. tliis approach rtn^uired 



Test Methdils 16.7% 



DacurtientatiDn 2Z2% 
2D 




Meastirament 
ImegrJtv S.B% 

Hardware S.6% 



Trs^ining 3,3% 



Software 46.7% 
42 

Fig. 1. Average proportions of liine apeni developing various nianu- 
fai'turing resources for ^ group of electrical test processes. Software 
dominates becaiLSP tt'tf' division m nioviog tnwiirds r ompletely aiilo- 
mined tpsiiug, 

tliat an indiiidual with softwaie expertise be a^^signed for 
every cycle of new products that emerged from the lab. 

Data-Driven Softii^^are 

C'ontLinied analysis has shown that by desigjiing test software 
to handle laige vaiiations within a product classitlcation^ the 
overall development time of the electrical test process can 
be draistically reduced for all products within a elassi 11 ca- 
tion. Tiiis greatly benefits both the mminfactnrer and the 
customer. 

A study of a large group of SHSD test programs across dif- 
ferent product classifications was recently completed. The 




Test 
Software 



Fi|?. 2. F^r Of luct -specific test software requires introduction or 
rruorkiiig oftlip j^oflWHfe for eadt rt4^w product. 



62 Aiigusi mn Uewlett-Puckiml Jejunui! 



)Copr. 1949-1998 Hewlett-Packard Co. 



Comma n I nf arm^i on S|>eclfic Ifrio rmal ion 

T«st Software Tasks 
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Fig. 3, III tiaianlriveri software, product-specific informal ion is 
reiTUJveil from the test software and stared in files, Thc^ softwiire 
doesn't have to he changed to te^ a new product within the prodiiei 
r-lassification. 

resiilts indicate that all lesi sf>ft\vare ('t>nsisis of feitain 
types of tasksj, intiiidiiig test etiuipptent setup, calibration 
setup, opera! or setup, measurement procedores, and data 
collection. 

Kegardless of wlilch of these tiisks aie reiiiiired for specifi- 
cation testing, all of tJiese tasks can be broken down into 
two basic inJbmialioii types: comnion and sperifif. Com- 
mon infoniiation is common to all products within the prod- 
uct classification. Specific information is specific to the indi- 
\idual products of that ciassiiication. Remo\^ig the specific 
information and placing it in external files leaves Uie comnion 
information to reside in the softw^arc (F'ig. 3). 

The separation of these infon nation t>pes results in static 
test software and dynamic firodnct-specific tiles. The static 
test soft W' are contains tlie kttowleclge of the specific infor- 
mation rei]iiireti from the test's associated extental file, tlie 
location of this file, how to load and r€^ad the file contents, 
proper m pas uienient implementation, and the needed data 
collection routine. Since the test knows what infonnation is 
rec|uired from its external specific tUe (but not necessaiily 
the exact values), this file is considered defined- 

Test software that knows how to make the measiiiement, 
while the external files know w'here to make tlie measure- 
luent, can be called data-driven software. 

Since data-driven lest software is sialic, this me! hod allows 
total test software reuse. .\jiy ptotluc t vaiiatjoti is li4mdle<i iti 
the extemal files. The liuilding of the siiet^ilH' Hies can be 
automated easily sint^e llie tyi:»e of information witliin these 
files has been previously defmed by the test solYware. The 
specific file building is aiuomated using a master form of the 
defmed file attd an ecliioi; The editor only allows value entry. 
After the new values are entered into the master form, the 
product -specific file is sKjrecf This ai>proacb, wliicli does 
not retquire any software exfjeilise, is extremely fast for new 
product setup. 

A good example of data-drivt^n softwiu'e is an amplifiiT jjfjwer 
test (see Fig. 4). The commtjti inronnation In this tt-si, ik*- 
pieted by tlte software flow cliart in Fig. 4, show^s the tasks 
that are eonimon tr> all amfiliners needini^ Ibis type of tesL 
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Fig. 5* like flataH:iriven test software, t\w <iata-dnv(*n test executive 
is made up of common aiid specific liifont^aTJon. 

The product -spec'ific files contain tlie product nictisiircTTient 
pai^anietpi-s and values required by the program lo make the 
measurement.. This same lest softwiire can be i^eused for ^iny 
amplifier by Inulding a i>roduct -specific file that contains the 
amplifier's measurenu^nt paiameters. 

Test Executive 

All manufacturers that are concerned with product test data 
need sonie fonn of a test executh^e, A test executive is a 
softwaie package that handles \he administrative aatl nuui- 
agement resiionsifiiiitJes associated with test data. Even 
tliough the duties of tlie niai^y test executives available vary 
depending upon user needs, all test executives have the 
same basic tasks as shown in Fig. 5, 

like the test software, test executive software Is made up of 
conmion and sjiecific infonnaUon. By applying the data- 
driven theory- to the test executive softw^are. a data-ddven 
test executive results. Tlie test executi\'e softwai^e then be- 
comes static and any varying product information required by 
the test executiv-e is available from external protluct-specific 
files. Tbe building of these files caji also be automated using 
master Rles and an editor 

Tl\e combination of data-driven test software tuid a d^na- 
driven Lest executive is a data-driven lest system. The miyor 
benefit of a data-driven test system is that aU the software 
withhi the test system is sialic. Tliis benefit reduces the ex- 
pensive and titne<onsuuviug cycle of pi oducl-specific soft- 
ware regeneration across a product classification. For test 
methods required by a new product tbal are not avidlable in 
an existing data'<^lnven system, the test n\etho<l ^md asscjci- 
ated test software nmst be deveiotjed. If the new' tt^sts are 
developed using the data-driven theoiy, then the tests will 
becotne pari of the system's reusable tests and will l>e avail- 
able fo)' the next new product. Other key benefits are test 
system support and the automation of test system expansion. 

Expansion 

A data-driven test system can be supported by a system ad- 
mmistrator who resides on the production line where the test 
system is used. The system administrator can be a higli-level 
technician w ho has some mejuiurement ;md test equipment 
knowledge. Because ihe test system softw-are is static, this 
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Fig. 6» Data-driven test system exparisio!^ 

indi\ddual does not need to have any softw^are exijertise. The 
system administrator's main duty is test system expansion. 

Test system expansion is the process of a<.kling a new^ jjnjduct 
lo a test system that already exists in the manufac tuiing em i- 
ronmenl. This process, whether for tlie trad it ional product- 
specific test systc^m or a data-driven test systemf can he 
broken down into two steps: adciing the prorluct into ai\ 
existittglest system and the inttid product testing. 

In the traditional product-specific test system, product addi- 
tion takes approximately one day to eiglit weeks. Tiiis time 
frame is directly proportional lo the amomil of proditct- 
specific vdues tlmt iire iniljedded in the lest system sofiw-are. 
Product, addition in this type of test system must he per- 
fonneii by individuals widi test software and test executive 
expertise. The time for profhirr addition in a data-driven test 
system is aptiroximateiy one hour and can be accomplished 
by individuals w^ho have no test soltw^ai'e or test executive 
knowledge. 

Expansion of a fiata-rl riven test system can be accomplisiied 
easily and rapidly with a progranmiatit^ procedui'e. The sys- 
tem expansion process is showm in Fig. b. 

Tlie system administrator receives a new product and its 
specifications. Using a system ex|>ansion progranr, a set of 
master specific files, and an editor, the system administrator 
buikis iill the necessary external product-specific files re- 
quired by the test executive and test programs, 

Iiiitiai Testing 

AOer a j product is added into a test system, the initial ijrod- 
iict testing nntst l>e done. Tins first te.sting is where tlie soft- 
ware used to measure tiie product specifications Ls veiified 
to be working properly, hi the product-specific test systems^ 
this huiial testing can be a very tedious process as shown in 
Fig. 7. 

When the new^ product is measuiT»d for the first time and the 
measuied values me not satisfactoiy or iJie lest sy.stem stops 
because of a progiammatic error, the softwaje must be 
loiided into tlie computer modified [debugged) and restored, 
and the test system reloaded. Then the product is measured 
again. Even though tliis process ctm made faster using two 
computers, one for performing the actual measurement and 
the other for softw^are debugging, initial product testing is 
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capabiMnes, but they also aDow for test station duplication 
whenever production capacity is exceeded. 

For extending a dafa-dm en test systeni test station capal^iiity. 

the system administrator builds the new station hardware, 
assigns the station a new station number and'^or name, and 
enters tlus information into the appropriate test s>^em's 
station table. 

Using this datahdriven approach, SRSD tias designed tw^o 
complete test software s>^erns as a pilot program. Thc^sc 
data-driv'en test s>^stems focus on measurement types %vithin 
a protluct classification. These systems contain a set of w^U- 
designed tests ihat perfonn typical measurements required 
by a pnxlini classinraiion. 



tinie-c*onsmning and ha^i to he performed by individuals wilh 
software expertise. 

The initiai product testing on a data-driven system is much 
easier, as shown in Pig, S. After tlie prt)duc! is adtfeci into a 
data-drhen lest system, Ute system administrator perfonns 
tlie initial product testing. If tJie measured values are not 
coiTcct, any changes required are made to the external 
(pro duct -specific) files through an editor immediareiy acces- 
sible^ from the keybomxl. (Jncf the system administrator is 
satisfied v^ith the measiu'ement, tiie product is measured a 
tiiial time mid the data is presented to the appropriate 
engineer for review . 

This FeatmT of a data-driven test system, which shifts the 
laborious work of measurement debugging from the test 
software to tlie prod uci -specific files, is extremely benefi- 
cial. It not only allows Jioueiigmcers to perform the hiitia] 
testing, but also, since proven test methods aie bemg used, 
tlie overall initial testing process is very short. 

Adding Test Stations 

^Vll test systems whether old or new^ nmst be able to handle 
a variety of test stations, hi the tiaditional produc:i-spet ifu^ 
te,s1 system, the system contairLs test-station-st>ecific violues 
imbedcied h\ the software. Willi these station-specific values 
in the software, adding stations with extended capabilities 
or sfation duplicalj<ni can l>e very tnue-consuming and a 
software exj)ei1 is needed. Tliis prohlein dcH'sn'l exisl in a 
data-driven test system since the data-driven test system is 
station independent. These systems not only have the ability 
to handle nutnerous test statif>ns vdUt different nieasuiement 
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Mixed-Model AmpUfier Test System 

The mixt^d-model amplifier test system was the first system 
to \ aiiciate the data^ihiven software theory. The system per- 
forms a set of basic tests that are required for complete ani- 
phfier characterization. The system has five different test 
stations: two network analyzer stations (4()-Gllz antl 50-(-fHz 
frequency ranges) for complete s-i>arameter measure men is 
and three scalar network anal^f^er stations (26»5-GHz, 
50-GHz, and h igh -power 26j>GHz frequency nmgesj. 

Tiiis system began with two test stations mth specific mea- 
surement capabihties, Witlt the addition of more productSt 
the need for stations witb extended tneasureinent capabni- 
ties arose. Since the data-driven system soH wm'e is indepeiv 
dent of test station equijjment, we were able to add three 
additional stations with extended measurement capabilities 
without UKKidying any of tht* test system softwaie. 

This test system now provides coinplete characterization for 
over fifty separate products williin Ibc am])Iifier classifica- 
tiori Wlieiiever necessary, the lesl system is exjmnded to 
incorfjorale new jiroducts by the systetu adrniuistraion The 
total average prociuci addition time isapiiroxirnaiely three 
hours t>er t>rt>dtjcf Tbe tesi i)rocess develotmieni lime aiKl 
expenses for these products have been greatly reduced. 

For comparison, a product-dedicated test systeoi used in 
microelectronic manufacturing was expandcnl for a m^w 
foilow-ijn product. Tliis system, which used stmie data- 
driven test software, still reciuirt^d one w^eek of engineering 
tiun^ for ccmiplele system expansion because of Ihe pn^iucl- 
specifit* iidV^rmatioii inibcrk!ed tfiroughout the t{*st sysfevn 
software, Exi>imding this system for another [>rcjduct r(?tiuired 
three weeks of engineering/software time since the origmal 
tests could not be reused. This type of costly regeneration 
cycle w ill ret>eat itself again and again unless a (iata-dnven 
test system replaces the curretil system. 

The mijced'inodel ajnf)lifier test system design anti set of 
tests required 487 days of software deveiopnienl lime. Even 
tliough the initial test system design was very expensive, 
large savings oceur each time a tu'oduct is addeti \o the test 
sy.'^iteEn. Test sy.sfeni expiuisioji for a dat^i driven test systen^ 
costs a])prtjxhuately 50 lo KJO tiiues les.s than the same 
expjmsioti of a product'St>ecific system. 

The break-even point on the mixed-model aniplitit^r test 
system was found to be four products, while the number of 
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products tested by th^ system is more ttian 50* The retunx on 
mvestnient of the data-drivt?n test Si^stem shows that this tyi^e 
of test system is necessaiy to slay conipetitive in ten lay's 
markerplare. 

Vector Network Analyzer Test System 

More recently, a data-driven test system was designed and 
implemented for a family of network analyzers, lire complex- 
ity of instiiiment testing dictated llial the data-driven test 
system be limited to a product family instead of a product 
classification. The system is currently testing five products. 
The new pioduci introduction engineer estimated software 
generafinii lime saved w;is approximately 500 engineering 
hours. Moie time woukl liave been saved except thai addi- 
tional tests were required. Tliese new tests were developed 
m\d added to the system in the data-driven fomiat imd sae 
now ]:iart of the set of tests to be used by future family 
products. 



In summary, by designing test software to haitdle large %^aria- 
lions witWn a product classification, the overall jnanufactur- 
ing resources required for the electrical test development 
jirocess atT reduced over an entire prociuct classification. 
Thi.H enorniotis savings occurs because tiie continual intro- 
duction or reworking of new prociuci test software is 
eliminated. 
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Scieiitific Graphing Calculator 



Diana K. Byrne 

Willi HPsince 1988. Diana 
Byrne IS an R&D project man- 
ojef for calculators at the 
C^rvallis Divtsjon Siie was 
bom m Porriand, Oregor and 
received a SS degree in 
mathematics fnjm Portland 
State Umversity in 1382, an 
MS degree in mathematics 
from the University of Oregon ^n 1987. and an MS de- 
gree in computer science from the same university Jn 
1988. On her first HP project, she developed software 





for plotting, graphics, and the EquationWriter for the 

HP 48SX calculator ShewasR&D project manager 
for the HP 48G/GX calculator sof^are and hardware. 
She is coaurhof of a 1991 HP Journal article on HP 
48SX interfaces and applications. Diana has two 
sons. Her favonte leisure activities are bicycling and 
reading. 

Charles M. Patton 

Software scientist Charlie 
Patton received a BA degree 
in mathematics and physfcs 
from Princeton University in 
igTZandMAandPhDde- 
grees rn mathematics from 
the State tiniversity of New 
Yorl! in 1974 and 1977 He 
joined the HP Corvall is Divi- 
sion in 'i%2 as a software R&D engineer and has 
contributed to the development of the mathematrcs 
ROMs for the HP 75, HP 7 IB, HP2QC./S. and HP 
48S/SX calculators. For the HP 4eG/GK tralculators, 
he worked on the RPL system and the 30 graphing 
routines, and was a general consultant and trouble- 
shooter He IS currently working on several projects m 
the areas of software research, computer visualija- 
tion, and symbolic and numeric techniques. He's also 
coauthonng a calcuius textbook that incorporates 
technology as a teaching tddL Hes named an inven- 
tor in three patents on operating systems and sym- 
bolic computation methods for handheld machines, 
and >s the author or coauthor of technical papers on 
general relativity, representation theory, handheld 
computation, and calculus. He is a member of the 
American MathematrcaE Society, the American Asso- 
Dation far the Advancement of Science, and the 
Internet Society. His outside interests include bird- 
watching, r^attve plants, raftrng and cartoemg, ftshihg, 
gardening, Celtic harp, concertina, and calligraphy A 
long-time HP telecommuter, he is also involved in 
remote sensing and intemetworking. 




David Arnett 

David Arnett is a hardware 
design engineer at the 
Con/aifis Division and has 
been with HP since 1991 He 
designed hardware and was 
the manufacturing liaison for 
the HP 48G/GX calculators. 
. Currently, he ties igns ha rd- 
ware for the HP OmniBook 
product line David was born in Cleveland, Ohio and 
attended Brig ham Voung University, from which he 
received a BSEE degree in 1983. He worked on avionics 
design at General Dynamics and on superconductivity 
research at Oregon State University before |oining HP 
He's a member of the IEEE David is married, has two 
children, and enjoys music, both as a performer and 
as a conductor, 

Ted W. Beers 

Software R&D engineer Ted 
Beers came to HP's Corvalfis 
Division in 1985 and has 
contributed to the develop- 
ment of the HP 4SS and the 
HP 2eC/S calculators His 
work on the HP 485 includes 
the interactive stack, high- 
level display management, 
and user customization. He worked on user memory 
organization fof the HP 2BS and perforrr^d extensive 
testing on the HP 2SC. For the HP 4aG/GX calculators, 
he vvas responsible for the user interface elements. 
His work on a software Technique for data and text 
entTv has resulted in a patent, and he is the author or 
coauthor of three other technical articles, one written 
while he was in high school Ted vvas born in West 
Lafayette, Indiana and received a BS degree in com- 
puter and electrical engineering from Purdue Univer- 
sity in 1BB4 He's man'ied and enjoys hiking with his : 
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miB snd vm beagles He's also mterBst^ jn garden- 
ing, IxHise design, home imprav^ment philosophy, 
3nd tfie envrranmert 

Paul J McCleHart 

- i^^areeiigineef at :: i 
Corvall^s DivrsjOfi s»fTce 
10^^ PaulMcCleHanha^ 
- oped software for sev- 
HP calculator families, 
ling me HP 15. HP 7!. 
nr ^a and HP m He atso 
impleiTiented and main- 
tatneiJ use^ interface sofi- 
wsre for OSF/Motif. For the KP48G/GX caiculatDrs, 
he was responsibie for design and implementation of 
new numerical function a] ity Hes currently working 
on saftware for future protlucts He is named an inven- 
tor pn two patents related to calculator development 
and IS 3 coauthor of several HP JoumaS articJes. He's 
al^ a member of the IEEE and the Society for Indus- 
trial and Applied Mathematics Sorn in Salem, Oregon, 
Paul received a BS degree in mathen^atics and physics 
from the Universfty of Oregon in 1 974 and a PhD in 
statistics from Oregon State University m 1B34 He 
also has a degree in computer science from the 
National TechnoJogicaJ Untversity (1931) He worked 
at Tektronix tefore joining HP He is married and has 
two sons. His outside interests include mountain 
climbing, nordic and alpine skiing, and reading 

23 HPPAC 



Johannes Mahn 

' ^^^^9| Wilh HPsjnce 1933, 
^BB^^^S^ J oh an n es Mah n ts a me ■ 
m ■ chanical design engineer at 

It"^^ fSh -P ^^^ Bdblmgen Manufactur- 
-^ ' ■ * ing Operation He was the 
V^T J^ project manager responsible 

for design, development. 
''^'^' k and testing of the mechani- 

* caJ concept for HP-PAC Ear- 

lier, he contributed to ttie mechanical design of the 
HP Ml 350 A intrapartum fetat monitor and wcrked in 
process engineering for the electrical test area at the 
Bdblingen printed circuit shop. He is named as a c:o- 
mventor for two patents related to the HP-PAC ctias- 
sis and casing. A native of Sindelfmgen, Germany, he 
received a Diplom Jngenieuf in precision mechanics 
from the Esslingen Engineering School in 1988 Jo- 
hannes is married, has two children, and enjoys 
mountain biking, handball, and watercoioring 




Jijrgen Haberte 

Mechanical design engineer 
Jilrgen H^berle was bom in 
Sindelfingen. Germany and 
attended the University for 
Applied Science from wbich 
he received a Oiplom Inge- 
nieur in precision mechanics 
in 1988 HejOinedtliBHP 
Bdblingen Manufacturing 
Operation the same year and fias been responsible 
for tool engineermg. mechanical design, and project 
management. He worked on the concept and defini- 
tion of HP-PAC as well as mecJianical design and 
testing Currently a project manager for HP-PAC, he es 





named as a coinvettiof for two pste*its related to the 
l#-PAC cha^is and casing Jurgim is mamed arMl 
lik^ fennis, snowtioardirig. biking, nvotorcycling. and 
raveling 

Siegfried Kopp 

A matsfials engineer 3' 

* ^"^.hsnicai Ter^^'"" '• ' 

-ftheBobi 
auLjnng Operai. . ....-..' -.. 

Kopp has been with HP for 
fifteen years Hevrartedon 
materials engine? mg for 
the HPPAC project A tool- 
maker before joining HP, he 
received a diploma as a master toolmaker in !^. At 
HR he has supen/ised a tool shop and machirte center 
and worked in materials engineering. He is named as 
a CO inventor for three patents related to the HP-PAC 
chassrs and casing and an STE fastening method for 
sheet metal. Siegfried was bom m Stuttgart. Baden- 
Wurttemberg, Germany. He and his wife have a 
daughter and son He likes ttie Dut-of-doors, especially 
hiking and hiking. 

Tim Schwegler 

Tim Schwegler was bom in 
Aschaftenburg, Bayern, Ger- 
many and received a Diplom 
Ingenieur in precision me- 
chanics from the Facbhoch- 
schule Karlsruhe in 1989. He 
joined HPs Boblingen Manu- 
facturing Operation in 1989. 
where he was a materials 
engineer and since 1991 has been s project manager 
for HP-PAC. His respansihilities have included sup- 
plier development, agency contar:ts. and ma riveting, 
Currentiy, he's with the Entry Systems Division in Fon 
Collins, Coloradn. He is named a coinventor lor three 
patents related to an STE fastening method for sbeei 
metal and the HP-PAC chassis and casing, and far 
two pending patents on a heat sink attachment 
method and a fan for a heal sink atrachmeni Tim is 
married and has a daughter and son. He likes outdoor 
activities, including biking, hiking, and skiing 

2B Eye Diagram Analysis 




Chrislopher M, IVfiller 



Chris MHIer graduated with 
a BSE£ degree from the Uni- 
versity of California at 
Berkeley in 1975 and wim 

an MSEE degree h^om the 
University of Calrfornsa at 
Los Angeles m 197Q. In 

•f-.- M^^^^mMi ^jgii Qf Hewlett-Packard 
Laboratories in Palo Alto, Caiifornia, where he 
worked on high-speed silicon bipolar and GaAs inte- 
grated circuits Chris IS currently an R&D project 
manager in the Lightwave Operatian located in Santa 
Rosa. California In addition to the HP 7 1501 eye dia- 
gram analyzer, some of the products bis project teamj^ 
have previously introduced include the HP 71400 and 
HP B3S1Q lightwave signal analyzers and the HP 
11982 wide-band width amplified lightwave con- 
verter Born in Merced. California, be is married and 




has two sons He enjoys running, weight training, 
and managing Little League baseball teams 

38 Thermat Management in SF€ 

Corfnie Nathan 



at the Little Falls Opefatiori 
of the Anatytirai Products 
Group. Connie Nat^n was 
tormerfy a hardware da^el- 
.^^ ^ opment engineer on the 

second-generation HP super- 
■^^ c ntfcal f ] u id chromatograpby 
^^^ (SEC) system Her responsi- 
bilities included the redesign of a flame ionization 
detector, the design of the interfaces of the GC oven 
to the pump module, and the pump module package 
dessgn After that project she contmued to work on 
SFC postrelease enhancements for two yeans. Sbe is 
currently developmg and implementing analytical 
product support plans. Born in Rochester. New York, 
she graduated in 1980 from the Massachusetts Insti- 
tute of Technology with a BSME degree and m 1981 
completed work for an MSME degree from Stanford 
University Before joining HP in 1989. she worked in 
manufacturing and product design for Eastman Kodak 
and Mohawk Data Sciences. She is a member of the 
National Society of Black Engineers Alumni Extension 
and the Forum to Advance Mmorrties in Engineering. 
She has also served as a mentor to college women at 
the Un^versitv of Delaware- 
Barbara A. Hackbarth 

Barbara Hackbarth was born 
in Austin, Minnesota. She 
studied mechanical engi- 
neenng at the University of 
Minnesota, from which she 
received a BSME degree in 
1991. She joined HP the 
same year A manufacturing 
development engineer for 
the Analytical Pmducts Group in Little Falls, Delaware^ 
her responsibilities have included manufacturing de- 
velopment for the HP 10&0 Series and HP 1090 liquid 
chmmatography product lines and bnnging the HP 
G1205A supercritical fluid cbromatograph into manu- 
facturing production. She is currently involved with 
reliability and product prnprDuements for the G1205A, 
She is a mentor in the University of Delaware women 
engineers mentoring program. She enjoys outdoor 
activities, travel, and many sports including tennis, 
golf, swimming, and skim g. She also plays on HP 
volleyball, golf, and soccer teams. 

43 Linear Vascular Transtiucers 




Manhew G. IVtooney 




With HP since 1938. Matt 
Mooney was the project 
leader for the image quality 
improvement project de- 
scribed in this issue. A 
transducer engineer at the 
Imaging Systems Business 
Unit, he has w corked on ther- 
mal design, manufacturing 
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process development, and acoustic design and prod- 
uct defmitian for several HP transducers, including 
the HP 21 244. itie HP 21 246, the HP 21 255A, the HP 
21255B. and the HP 212566. He's curfentiy investigat- 
ing new transducers for advanced uJtrasound imaging 
applications. A native d Burlington, Massachusetts, 
he attended Worcester Polyteclini: Institute [BSME 
19B8J and later received an MSME degree from 
^foJ1heaste^n University (1992}. He is a coauthor of 
one other tect^nfcal article. Matt is mamed and has 
two sons, whom he caras for while his wife attends 
law school classes. His hobbies include weightiifting. 
skiing, golf, and making wooden toys. 

Martha Grewe Wilson 

A transducer devefopment 
engineer, Martha Wilson 
joined the Imaging Systems 
Business Unit in 19S9. Her 
responsibilities have in- 
cluded developing a new 
bar:king material and a new 
inter connect scheme for a 
family of transducers. She 
has also worked on designs and fahrication pro- 
cesses for a pediatric transducer and three vascular 
transducers. She was responsible for the selection 
and qualificatioo of the material used as the second 
matching layer tor ihe transducer described in this 
issue. Martha was born in Minoeapolis, Minnesota 
and received a BS degree in materials science engi- 
neering from Rensselaer Polytechnic institute in 1986 
and anMSdegreeinsDljd stale scfence from Penn- 
sylvania State Unrverstty in 1 989, She is a member of 
the American Ceramic Society, a coauthor of two 
published papers, and author of two papers for inter- 
nal HP conferences She's married and has an etght- 
month-old son She likes running, swinnming, skiing, 
and playing piano. 




52 Dnver Redesign 



Catherine L Kilcrease 

B Project manager Keti 
^'i I crease wo that the HP 
'ormation Networks Divi- 
y;ion. She came to HP in 
1985. A Catifomia native, 
she v^/as barn in Los Angeles 
and recetved a BS degree in 
biological science from the 
University of Californra at 
Davis in 1380 and an MS degree in computer science 
from California Polytechnic State University at San 
Luis Obispo in 19B4. She designed a senal pnnter 
driver for the MPE/iX operating system on the HP 
300D computer system and enhanced anrf supported 
several modules in terminal and serial pnnter drivers. 
She was the technical lead engineer for the rede- 
signed terminal and printer driver described in this 
issue and now manages a team of engineers who are 
developing processor independent netware on the 
PA-PISC pletfornn. She is the auihor or coauthor of two 
papers on structured analysis and design. Keti is mar- 
ried and has two children, She plays soccer, coaches 
in a youth soccer league, and enjoys spending time 
with her sons. 



62 Data-Driven Test Systems 



Adele S. Lartdis 

Adele Landis joined HP in 13B2 and is a software 
technician at the MetworkTest Division. Initially, she 
was a production line technician, working on a vari- 
ety of network analyzers and accessories Later, she 
developed test software for me HP 8720, HP 8753, 
and HP 871 1 network analysers, as well as for nu- 
merous circuits, sweepers, and antenna systems. She 
designed, developed, and implemented the test sys^ 
tems descnbed in this issue. Adefe was born in Areata, 
California and has an AA degree from College of the 
Redwoods, She is studying for a degree in manage- 
ment from Sonoma State University Her outside in- 
i.erests include runnmg, bicycling, hiking, home 
improvement, and raising miniature horses. 
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